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INVESTIGATION INTO SPATIAL VARIABILITY OF ROCK CUTTING 
DATA AND ITS RELATIONSHIP WITH CUTTING PERFORMANCE 
SUMMARY 
Nowadays, geostatistical analysis is being used to solve and analyze variety of 
problems in branches of science such as mining, geohydrological and hydraulic 
modeling, air and ground pollution, geophysics, soil mechanics, reservoir 
engineering, oceanography, etc. However, presently no research has been provided 
on application of geostatistics in rock cutting data.  
The main purpose of this thesis is to analyze the one dimensional rock cutting signals 
by geostatistical methods. Such a study might provide better understanding of rock 
cutting mechanisms. At the first part of the thesis, descriptions of rock cutting theory, 
geostatistical methods and previously performed studies on applications of 
geostatistics to earth sciences are briefly summarized. Secondly, variogram analyses 
are  applied  to  rock  cutting  signals  obtained  from  linear  cutting  tests  of  5  different  
natural stone samples by using GS+ software to calculate variogram parameters, 
which are sill, nugget and range. Then, the variogram parameters are correlated to 
cutting performance parameters such as depth of cut, average and maximum cutting 
and normal forces, specific energy, optimum specific energy and coarseness index 
obtained from cutting tests. 
In this study, good relationships between nugget and sill and cutting parameters such 
as depth of cut, normal force, cutting force, peak normal force and peak cutting 
force, are obtained. Range shows good relationship with depth of cut in both normal 
and cutting force data; but, range shows good relationship with specific energy in 
only cutting force data while gives general trend with normal force data. Range 
shows moderate to weak relationship with coarseness index for both normal and 
cutting force data. However, range does not show any relationship with other 
parameters of cutting performance. The relationships between sideways angle and 
variogram parameters give similar trends as between tool force trends (normal force 
and cutting force) and sideways angle. The good relationships between brittleness 
and variogram parameters are determined, except, range of normal force data do not 
have any relationship with brittleness and the range value of cutting force data shows 
an inverse relationship with brittleness as opposed to theoretical expectation. 
This study shows that the cutting performance parameters of chisel tools can be 
predicted by variogram parameters determining spatial variability of regionalized 
parameters. Variogram parameters reflect the chipping mechanisms of rocks. 
  xxvi 
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KAYA KESME VERİLERİNİN BÖLGESEL DEĞİŞKENLİKLERİNİN 
İNCELENMESİ VE KESME PERFORMANSI İLE İLİŞKİSİ 
ÖZET 
Günümüzde, jeostatiksel analiz çeşitli problemlerin çözülmesi ve analiz edilmesi için 
maden mühendisliğinde, jeohidrolojide ve hidrolojik modellemede, hava ve kara 
kirlenmesinde, zemin mekaniğinde, denizcilikte ve benzeri branşlarda ve bilimlerde 
kulanılmaktadır. Ancak, kazı mekaniğinde jeostatistiğin uygulanması konusunda şu 
ana kadar herhangi bir araştırma yapılmamıştır.  
Bu tez çalışmasının ana amacı, bir boyutlu kesme sinyallerini jeostatistik yöntemlerle 
analiz etmektir. Böyle bir çalışma, kaya kesme mekanizmasının daha iyi 
anlaşılmasını sağlayabilir. Tezin birinci kısmında, kazı mekaniği ve jeostatistik 
yöntemler hakkında genel bilgiler ve toeriler ile jeoistatistiğin yer bilimlerine 
uygulanışı hakkında daha önce yapılmış çalışmalar kısaca özetlenmiştir. İkinci 
olarak, beş farklı kayaçda uygulanan kaya kesme deneylerinden elde edilen veri 
sinyallerinin GS+ bilgisayar programı yardımıyla külçe etkisi (nugget), sil ve etki 
mesafesi (range) gibi variogram parametrelerinin hesaplanması anlatılmıştır. Daha 
sonra, variogram parametrelerinin ortalama normal kuvvet, ortalama kesme kuvveti, 
maksimum normal kuvvet, maksimum kesme kuvveti, pasa irilik katsayısı ve 
spesifik enerji gibi kaya kesme performans parametreliyle ilişkileri araştırılmıştır. 
Bu çalışmada, külçe etkisi ve sil ile kesme derinliği, normal kuvvet, kesme kuvveti, 
maksimum normal kuvvet ve maksimum kesme kuvveti arasında iyi ilişkiler 
bulunmuştur. Etki mesafesi (range) ile kesme derinliği arasında, hem normal kuvvet 
hem de kesme kuvveti verileri analiz edildiğinde iyi ilişkiler bulunmuştur; ancak, 
etki mesafesi (range) ile spesifik enerji arasında normal kuvvet verileri genel bir 
eğilim göstermesine rağmen sadece kesme kuvveti verileri iyi ilişkiler oluşturmuştur. 
Etki mesafesi ile pasa irilik katsayısı arasında zayıf ile orta dereceli ilişkiler 
bulunmuştur. Ancak, etki mesafesi ile diğer kesme performansı parametreleri 
arasında iyi ilişkiler bulunmamıştır. Keski yanal açısı ile variogram parametreleri 
arasında, keski kuvvetleri (normal kuvvet ve kesme kuvveti) ile yanal açı 
arasındakine benzer ilişkiler elde edilmiştir. Kırılganlık ve variogram parametreleri 
arasında iyi ilişkiler bulunmuştur, ancak normal kuvvet verilerinden elde edilen etki 
mesafesi ile kırılganlık arasında herhangi bir ilişki bulunmamıştır ve kesme kuvveti 
verilerinden elde edilen etki mesafesi ile kırılganlık arasında teorik olarak beklenenin 
aksine ters orantılı ilişki bulunmuştur. 
Bu çalışma ile kama tipi keskilerin kesme performansının, bölgesel değişkenliği 
(spatial variability) belirleyen variogram parametrelerini kullanılarak tahmin 
edilebileceği gösterilmiştir. Variogram parametreleri, kayaçlarda kesme esnasında 
kırıntı oluşumu mekanizmalarını yansıtmaktadır. 
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1. INTRODUCTION  
Nowadays, due to limitation of drilling and blasting technique the mechanical 
excavation is widely being used both in mining and civil engineering. In order to 
increase the efficiency and minimize the cost of rock cutting process it is necessary 
to predict the cuttability of rock formation by analysis of numerical data taken from 
several  laboratory  cutting  tests.  It  is  possible  to  analyze  rock  cutting  data  by  using  
statistical and numerical methods. There are many methods of data analysis used in 
earth sciences, such as univariate, bivariate, time-series analysis, signal processing, 
multivariate analysis and spatial data analysis methods. 
Although many experimental and theoretical studies on rock cutting have been 
performed in the past, there are still problems to explain the cutting mechanisms of 
different rock cutting tools (cutters, bits, picks). It is considered in this study that 
analyzing rock cutting signals obtained from linear rock cutting experiments by using 
geostatistical  methods  of  regionalized  (spatial)  variables  would  help  to  better  
understand the mechanisms of rock cutting. To the best knowledge of the author of 
this thesis, geostatistical methods have not been applied to rock cutting data (signals) 
in the previous literature. 
At the early 50’s South African mining engineer Daniel G.Krige published an 
interpretation method based on spatial dependency of samples. However, in the 60’s 
and 70’s, the French mathematician George Matheron evolved the theory of 
regionalized variables which provided the theoretical basis of Krige’s more practical 
methods. This theory specifies the autocorrelation of one or more variables in the 
space, to make prediction at unobserved location, also to reproduce spatial variability 
of an uncertainty, of which Matheron called geostatistics (Trauth et al., 2007). 
Initially, the geostatistical analyses were being used in ore reserve estimation. 
However, at present time this method is being performed widely, for example in 
petroleum reserves estimation, in tunnel construction procedures and in crack 
propagation of rock structures and other industrial branches. For instance, Chiles and 
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Gentier (1993) analyzed a single fracture by geostatistical modeling. Jeulin (1993) 
made research of random function and fracture statistics models. Tavchandjian et al. 
(1993) used fracture density as the basic parameter to quantify the spatial distribution 
of fractures in shear zones. Young and Hoerger (1988) in “Geostatistics Application 
to Rock Mechanics” analyzed probabilistically the slope stability. Fowell and Xu 
(1993) made a research from statistical point of view by taking in to account many 
random characteristics of rocks that were neglected before in the theories of rock 
cutting. Ayhan et al. (2000) analyzed the cutting vibration on the cutterheads of 
mechanical excavation machines by variogram function. Ozturk and Nasuf (2002) 
used geostatistical modeling to relate excavation performance of cutting machine and 
mechanical properties (RQD, compressive strength, and schmidt hammer hardness). 
Yamamoto et al. (2003) applied geostatistical methods to evaluate the geological 
condition ahead of the tunnel face by using TBM driving data. It was shown that size 
distribution of the muck produced during excavation indicated the cutting efficiency 
of mechanical miners (Tuncdemir et al., 2007). Altindag (2003) found a relationship 
between penetration rate of drilling machines and coarseness index of rock chips. 
 Nevertheless, in recent times not enough researches have been done to make right 
statement about the relationship of rock cutting performances by means of 
geostatistics. Consequently, the main purpose of present work is to relate rock 
cutting performance (cutting and normal force, specific energy and coarseness index) 
to variogram parameters such as nugget effect, range and sill estimated by using rock 
cutting signals. 
In  the  2nd chapter of this thesis, the theories of rock cutting, geostatistics and the 
application of geostatistics in earth sciences are summarized briefly. In the 3rd 
chapter, rock cutting data used in the geostatistical analysis (variogram analysis) are 
introduced and variogram analyses are applied to the rock cutting signals; then, rock 
cutting performance parameters (mean and maximum (peak) cutting and normal 
forces, specific energy, optimum specific energy, coarseness index, fine material 
percentage (-0.125 mm %) of rock chips and brittleness are related to the variogram 
parameters (nugget effect, sill and range). The results are also discussed in the third 
Chapter. The conclusions of the study are summarized in Chapter 4. 
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2. BACKGROUND 
In this chapter, the theories of rock cutting and geostatistics are first introduced, and 
then, the applications of geostatistical methods in earth sciences are summarized. 
2.1 Rock Cutting 
Rock cutting is the basic process in drilling and excavation by mechanical means. 
The mechanism involved in the cutting process are those; cutting tools are forced 
into rock formation and applied forces create the stress field, crushed zone and 
surface chipping. Moreover, there are three main factors indicating the rock cutting 
performance. They are: tool forces, bit life and specific energy. It is well known that 
from technical and economical points of view the bit life and the specific energy 
often have more effect than the tool forces on the operational performance during 
cutting. In this section the main cutting theories and parameters influencing the 
cutting operation are summarized. 
2.1.1 Cutting tools 
There are three types of tool action used for rock fragmentation: dragging, rolling, 
and impact as summarized in Table 2.1 (Copur, 2008). 
Table 2.1: Classification of cutting tools 
Action Sub-action Cutter Operational limits 
 
 
Dragging (drag bits) 
 
Constant  
Chisel <40 MPa UCS*, non-
abrasive massive rocks 
Radial  <60 MPa UCS, non-
abrasive massive rocks 
Rotating Conical  <120 MPa UCS, low-
abrasive massive rocks 
 
 
Rolling (Roller bits) 
True Rolling Single disc <300 MPa UCS, highly 
abrasive massive rocks 
 
Non – true rolling 
Multi disc <250 MPa UCS, highly 
abrasive massive rocks 
Strawberry <400 MPa UCS, highly 
abrasive massive rocks 
Impact Impact Hammers <100 MPa UCS, highly 
fractured rocks 
*UCS=Uniaxial compressive strength  
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The drag bits are commonly used in coal cutting and other relatively soft rocks, also 
drag bits rely mainly on the plastic shear failure of the material being cut and the 
wear rate of the drag bits is relatively low. In relatively hard rock, however, chip 
formation caused by tensile crack propagation due to generated tensile stresses 
accounts for the majority of the excavated material. In this material the wear rate is 
often high and hence the use of drag bits for hard rock cutting may not be expected to 
be economic (Nishimatsu, 1993). 
Roller cutters have been used in hard rocks. They are largely applied in boring 
situations such as tunnel boring, raise boring and shaft boring. The mechanism of 
rock cutting by single isolated disc cutter is essentially similar to the indentation 
mechanism by percussion drill bit (Whittaker et al., 1992). 
All the tools mentioned above have different technical features (Table 2.1). 
However, this thesis work focuses on cutting principal that used in small-scale linear 
cutting test and rely mainly on the drag bits. 
2.1.2 Chisel tools (bits, picks, cutters) 
Drag bits are efficient and versatile cutting tools. Their basic geometrical designs 
commonly include forms of chisel (and/or radial, wedge) and conical shapes. 
Usually,  these  tools  are  assembled  on  the  surface  of  rotating  cylindrical,  conical  or  
hemispherical drums, or face plate on cutting head of a cutting machine. Commonly, 
drag bits have been used to cut coal, minerals of weak strength and soft rocks as it is 
described in section 2.1.1. Design features of chisel tools and conical tools are 
presented in Figure (2.1), where: α = Rake angle, β = Clearance angle, θ = Breakout 
angle, w = Width of cutter, s = Line spacing, Ø = Wedge angle, d = Depth of cut, 
FC= cutting force and FN = normal force. 
Failure of rock and coal occurs in the manner of brittle fracture, and cutting chips of 
rock shows little plastic deformation. Process of rock cutting with a wedge-shaped 
tool is presented schematically in Figure (2.2) (Nishimatsu, 1993). 
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Figure 2.1: Design features of chisel tools (I) and conical tools (II), adapted 
from Bilgin (1989). 
 
Figure 2.2: An illistriation of the failure process in rock cutting, adapted from 
Nishimatsu (1993). 
While the tool edge is penetrated deeper into the buttock, a generated crashed zone of 
rock about the edge of the cutter compresses and sticks to the tool (in Figure 2.2 zone 
a). Consequently, a primary crushed zone appears. When a depth of penetration 
creates a state of stress, the propagation of a macroscopic fracture crack occurs, 
which initiates the formation of a coarse cutting chip. 
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After a coarse chip was formed, as the cutting tool moves forward, the lower part of 
the microscopic fracture crack is crushed to small cutting chips (zone b in Figure 
2.2). This zone is called the secondary crushed zone. 
Following the processes explained above, the tool moves on without any resistance 
forces exerted on it into overcutting zone (zone c in Figure 2.2), until the tool edge 
forced against the next buttock. Therefore, a new cycle of the cutting process is 
started. 
In every cycle of cutting process, the increase of the tool force is observed until the 
rock is broken into chips, then the exerted force starts to decrease rapidly. In 
addition, the cutting force and the normal force vary violently with the distance 
passed by the cutting tool and time elapsed. Figure (2.3) shows an example of the 
typical records of the cutting and normal forces in rock cutting (Nishimatsu, 1993). 
 
Figure 2.3: An example of cutting force (a) and normal force (b) variation 
during cutting, adapted from Nishimatsu (1993). 
The design parameters on cutting performance are given in variables below (Bilgin, 
1989); 
1. Mean cutting force (FC) – The average of all forces acting during the 
cutting action, kN, 
 7
2. Mean peak cutting force (F’C) – The average of the peak forces for a 
cutting action, kN, 
3. Mean normal force (FN) – the average of the all forces acting 
perpendicular during cutting action, kN, 
4. Mean peak normal force (F’N) – the average of the peak forces acting 
perpendicular to the tool during cutting action, kN, 
5. Cutter (wedge) angle (ø) – explained in Figure (2.1), 
6. Volume of ground cut per unit cutting length (Q) m3/km, 
7. Specific energy (SE) – energy needed to cut unit volume of rock, MJ/m3, 
can be found from equation Q
FCSE = , 
8. Coarseness index (CI) – the coarseness index is a non-dimensional 
number derived using the sum of cumulative weight percentages of 
particle size of chips. 
2.1.3 The influence of design parameters on cutting efficiency 
There are some parameters that influence the cutting efficiency, such as, rake angle, 
clearance angle, width of cutter, depth of cut and line spacing, which are explained 
below (Bilgin, 1989): 
Rake angle: With the increase of the rake angle both specific energy and tool forces 
decrease. However, increase of the rake angle decreases the resistance of the cutting 
tool. Because of the decreasing of the resistance of the cutter, in soft rock formations 
rake angle is kept around 20o, in medium to hard formations the rake angle is limited 
by 10o. In hard to very hard formations negative rake angle is accepted. 
Clearance angle: Decrease of the clearance angle from 5o to  0o allows to the 
increase of the cutting force and specific energy slightly. Data that is at an angle 
greater than 5o do not affect the cutting parameters. Practically, the clearance angle is 
taken as 6o. 
Width of cutter: With the increase of the width of cutter, the volume of the ground 
cut (Q) increase, also cutter forces increase linearly. However, the increase of the 
width of cutter does not have effect on the specific energy. 
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Depth of cut:  Depth  of  cut  is  the  one  of  the  most  important  feature  in  excavation  
systems. When the depth of cut increases, the forces acting on cutting tool increase 
linearly and also, volume of ground cut increase parabolically. However, the specific 
energy is inversely proportional to the depth of cut. After the certain point of depth 
of cut, there is no advantage of the deeper cutting. 
Cutting speed: Cutting speed does not have any effect on the cutting forces and 
specific energy. However, the increase of the cutting speed allows the increase of the 
wear rate of the cutting tool and also dust emission while cutting, because of this, the 
cutting speed must be restricted by 1-3 m/s.  
Line spacing: The distance between centerlines of the neighbor cutting tools is 
defined as the line spacing (s). Line spacing is very important in the design and 
operation of the rock cutting machines. There is optimum line spacing for a certain 
depth of cut (see Figure 2.4) which gives a minimum specific energy for the cutting 
system. Furthermore, if the line spacing is too small specific energy is at high level 
and over crushing occurs, on the other hand, if too large ridge coring occurs and 
specific energy is also at high level. There is an optimum ratio of (s/d) for drag 
cutters, which is usually between 1 and 5 for drag tools. 
 
Figure 2.4: Effect of line spacing on cutting eficiency and specific energy, adapted 
from Copur (2009). 
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2.1.4 Theories of rock cutting 
A number of main theoretical models have been proposed to describe the cutting 
mechanism of the wedge type cutting tools. The main models explaining the rock 
cutting process in relation to force magnitude and formation of rock chips are given 
below: 
2.1.4.1 Potts and Shuttleworth’s theory (adaptation of Merchant’s theory) 
Merchant developed a theory for metal cutting in 1945, Potts and Shuttleworth 
modified the Merchant’s theory and adapted it for the coal cutting process in 1958. 
They supposed that coal cutting by a plane cutting blade and wedge was a 
discontinuous cutting process of shear failure. As shown in the model illustrated in 
Figure  (2.5),  the  first  set  of  three  forces  acting  on  the  chip  results  from the  cutting  
blade and these are in equilibrium with the second set of three forces reacting on the 
chip  by  the  intact  rock.  Theory  supposes  that  shear  failure  takes  place  over  a  line  
rising  from  the  tip  of  the  cutting  tool  terminating  on  the  surface  of  the  rock  at  an  
angle φ with respect to the horizontal. (Whittaker et al., 1992): 
 
Figure 2.5: Potts and Shuttleworth’s theory of rock cutting, adapted from 
Whittaker et al. (1992). 
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The cutting force FC required to form a major chip is given by the equation (2.1) 
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where, Fc = cutting force, τc = shear strength of rock, d = depth of cut, W = width of 
the wedge, α = rake angle, φ = the angle of shear, ø’ = the angle of friction between 
the wedge and rock. 
The angle of shear φ can be found by equation (2.2): 
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And the minimum cutting force required to form a rock chip can be obtained by 
equation:  
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2.1.4.2 Evans’ theory 
Evans in 1962 proposed a tensile fracture model to monitor fracture patterns by a 
wedge penetration into coal that can be applied to rock cutting. This model based on 
large experimental observations of fracture patterns in coal by a wedge shaped 
cutting tools. The tensile fracture model suggested by Evans for coal cutting is 
presented in Figure (2.6). 
 
Figure 2.6: Evans tensile fracture model for coal cutting, adapted from 
Whittaker et al. (1992). 
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As shown in Figure (2.6) the model assumes that a tensile fracture occur over the 
length of a rounded path ABC emerging from the wedge tip A and completes at the 
upper surface C. At the wedge tip A, the arc of tensile fracture is tangential to the 
bisectors of the wedge angle ( ap -2 ). Assuming the minimum work hypothesis, the 
angle between O’A and O’C is equal to the rake angle. The resultant force R acts 
perpendicularly from the front face of the wedge on the chip. The resultant force T 
also has perpendicular application to the arc of the fracture ABC causing tensile 
fracture and forming the chip. The force S acting through point C, is required to 
maintain restrictive equilibrium in the buttock (Whittaker et al., 1992). 
The minimum cutting force Fc required to form a major chip by an asymmetrical 
wedge can be derived as follow: 
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where, σt = tensile strength of rock and other symbols are the same as in equation 
(2.1). 
However, in the equation (2.4) the friction between the wedge and the rock face is 
negligible. The effect of friction can be taken into account by the following 
expression: 
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Symbols in equation (2.4) are the same as in equation (2.1) and equation (2.4). 
2.1.4.3 Nishimatsu’s theory 
Nishimatsu in 1972 proposed a model for rock cutting which is somewhat similar to 
the Merchant’s shear model. The geometry of the model is shown in Figure (2.7). In 
applying this model, some assumptions were made. Rock cutting is a brittle fracture 
process  without  any  addition  of  plastic  deformation  of  the  cutting  chip,  the  cutting  
process is under a plane stress condition, the failure influenced by a straight envelope 
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Mohr’s criterion and shear fraction criterion, also the cutting speed has no effect on 
process of rock cutting (Whittaker et al., 1992). 
Cutting force can be derived by equation below: 
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F cc  (2.6) 
and the trust force (normal force) is 
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where, n is a stress distribution factor, and other symbols same as in equation (2.1) 
and in equation (2.4). 
 
Figure 2.7: Nishimatsu’s shear model, adapted from Whittaker et al. (1992). 
2.2 Geostatistics 
Geostatistics is the one of the statistical methods based on the theory of regionalized 
variables, which was developed for ore reserve estimation (Isaaks and Srivastava 
1989; Chiles, 1999). However, it is well known that geostatistics have been applied 
to variety of problems and fields including mining, geohydrological and hydraulic 
modeling, air and ground pollution, geophysics, soil mechanics, reservoir 
engineering, oceanography, etc. 
In  this  section  of  the  thesis  work,  the  basic  concepts  of  the  statistical  analysis  are  
introduced including the main method of geostatistics, which is the variogram 
method. 
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2.2.1 Methods of data analysis 
Data analysis methods are used to describe the sample characteristics as precisely as 
possible. Methods that are used for describing the data depend mostly on the type of 
the data and requirement for the project. The examples of data analysis methods are 
given below (Trauth et al., 2007): 
Univariate methods: Each variable is explored separately assuming the variables are 
independent of each other. The data presented as a list of numbers representing a 
series of points on a scaled line. Univariate methods include the collection of 
information about the variable, such as the minimum and maximum value, the 
average and the dispersion about the average.  
Bivariate methods: Two variables are investigated together to detect relationships 
between these two parameters. Alternatively, the bivariate regression analysis helps 
to find an equation that describes the relationship between two variables. 
Time – series analysis: These methods investigate data sequences as a function of 
time. The time series is decomposed into a long-term trend, a systematic (periodic, 
cyclic, and rhythmic) and an irregular (random, stochastic) component. A widely 
used technique is spectral analysis, to describe cyclic components of the time series. 
Image processing: The processing and analysis of images has become increasingly 
important in earth sciences. These methods include manipulating images to increase 
the signal-to-noise ratio and to extract certain components of the image.  
Signal processing: This includes all techniques for manipulating a signal to 
minimize the effects of noise, to correct all kinds of unwanted distortions or to 
separate various components of interest. It includes the design, realization and 
application of filters to the data. These methods are widely used in combination with 
time-series analysis, e.g., to increase the signal-to-noise ratio in climate time series, 
digital images or geophysical data. 
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Spatial analysis: It includes the analysis of parameters in 1D, 2D and 3D space. 
Therefore, two or three of the required parameters are coordinate numbers. These 
methods include descriptive tools to investigate the spatial pattern of geographically 
distributed data. Other techniques involve spatial regression analysis to detect spatial 
trends. Finally, 1D, 2D and 3D interpolation techniques help to estimate surfaces 
representing the predicted continuous distribution of the variables throughout the 
area. 
Multivariate analysis: These methods involve the observation and analysis of more 
than one statistical variable at a time. Since the graphical representation of 
multidimensional data sets is difficult, most methods include dimension reduction. 
Multivariate methods are widely used on geochemical data, for instance in 
tephrochronology, where volcanic ash layers are correlated by geochemical 
fingerprinting of glass shards. 
Analysis of directional data: Methods to analyze circular and spherical data are 
widely used in earth sciences. Structural geologists measure and analyze the 
orientation of slickenlines (striae) on fault plane. Circular statistical methods are also 
common in paleomagnetic studies.  
2.2.2 Empirical distribution 
The collected number of measurements of a specific object, can be written as a 
vector ),.....,,( 21 Nxxxx = , containing N observations xi. The vector x may contain a 
large number of data points. It may be difficult to understand its properties due to 
large  number  of  data  points.  This  is  why  descriptive  statistics  are  often  used  to  
summarize the characteristics of the data. 
The most straight-forward way of investigating the sample characteristics is to 
display the data in a graphical form. A widely used graphical display of univariate 
data is the histogram, the examples of the histogram and the cumulative histogram 
are shown in Figure (2.8). A histogram is a bar plot of a frequency distribution that is 
organized in intervals or classes and the cumulative histogram of a frequency 
distribution displays the counts of all classes lower and equal than a certain value.  
Such histogram plot provides valuable information on the characteristics of the data, 
such as the central tendency, the dispersion, and the general shape of the distribution 
(Trauth et al., 2007). 
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Figure 2.8: (a) the histogram, (b) cumulative histogram, adapted from 
(Trauth et al., 2007). 
2.2.3 Central tendency 
Parameters of central tendency or location represent the most important measures for 
characterizing an empirical distribution (Figure 2.8). These values help to locate the 
data on a linear scale. They represent a typical or best value that describes the data 
(Trauth et al., 2007). 
Three quanteties are used to represent central tendency. They are the mean, the 
median and the mode. 
2.2.3.1 Mean 
The most popular indicator of central tendency is the arithmetic mean, which is the 
sum of all data points divided by the number of observations: 
å
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1  (2.8) 
where, xi represents the measured value on sample i, N is the number of samples 
available and x  is the average value of those N samples.  
The arithmetic mean can also be called the mean or the average of an univariate data 
set. The sample mean is often used as an estimate of the population mean μ for the 
underlying theoretical distribution. The arithmetical mean is very sensitive to the 
extreme value (the outliers) that may be very different from the majority of the data. 
Therefore, the median is often used (Clark and William, 2001; Trauth et al., 2007). 
 
 
 16
2.2.3.2 Median 
The  median  is  the  middle  value  of  a  set  of  data  when  the  observations  are  ranked  
from smallest to largest. There are as many values less than the median as there are 
greater than it. If a property has been recorded on a coarse scale then median is rough 
estimate of the true centre. The median of a data set sorted in ascending order is 
defined as (Webster and Oliver, 2001): 
if N is odd: 
2/)1( += Nxx  (2.9) 
and if N is even: 
2/)( 1)2/()2/( ++= NN Xxx  (2.10) 
where, symbols are the same as in equation (2.8). 
2.2.3.3 Mode 
The mode is the most typical value. It implies that the frequency distribution has a 
single peak. It is often difficult to determine the numerical value. If in constructing a 
histogram  the  class  interval  is  small  then  the  mid-value  of  the  most  frequent  class  
may be taken as the mode. For a symmetric distribution the mode, the mean and the 
median are in principle the same. For an asymmetric one: 
(mode-median) ≈ 2×(median-mean) (2.11) 
In asymmetric distributions the median and mode lay further from the longer tail of 
the distribution than the mean, and the median lies between the mode and the mean 
see Figure (2.9) (Webster and Oliver, 2001). 
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Figure 2.9: (a) the histogram, (b) histogram with outliers, adapted from 
Trauth et al. (2007). 
2.2.4 Dispersion 
Dispersion is an important property of a distribution. There are several measures for 
describing the spread of a set of measurements, such as: the range, mean deviation, 
standard deviation, the variance, kurtosis and skewness. 
2.2.4.1 The range 
The simplest  way to  describe  the  dispertion  of  a  data  set  is  the  range,  which  is  the  
difference between the highest and lowest value in the data set given by: 
minmax xxx -=D  (2.12) 
Since the range is defined by two extreme data points, it is very susceptible to 
outliers. Consequently, it is not relieble measure of dispersion in most cases. 
2.2.4.2 Standard deviation and the variance 
The standard deviation is the average deviation of each data point from the mean. 
The standard deviation of an empirical distribution is often used as an estimate for 
the population standard deviation σ. The formula of the population standard 
deviation uses N instead of N-1 in the denominator. The sample standard deviation s 
is computed with N-1 instead of N since  it  uses  the  sample  mean  instead  of  the  
unknown population mean. The sample mean, however, is computed from the data xi, 
which  reduces  the  degrees  of  freedom  by  one.  The  degrees  of  freedom  are  the  
number  of  values  in  a  distribution  that  are  free  to  be  varied.  Dividing  the  average  
deviation of the data from the mean by N would therefore underestimate the 
 18
population standard deviation σ. The equation is presented below (Trauth et al., 
2007): 
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where, symbols are the same as in equation (2.8). 
Another important measure of dispersion is variance. The variance is simply the 
square of the standard deviation: 
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where, symbols are the same as in equation (2.13). 
Although the variance has the disadvantage of not sharing the dimension of the 
original data, it is extensively used in many applications instead of the standard 
deviation. 
2.2.4.3 Skewness and kurtosis  
The skewness measures the asymmetry of the observations. The skewness is defined 
formally from the third moment about the mean: 
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The coefficient of skewness is then 
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where m3 is the skeweness and m2 is s2. Symmetric distributions have g1=0. 
Skewness is the most common departure from normality (see below) in measured 
environmental data. If the data are skewed then there is some doubt as to which 
measure of centre to use. Comparisons between the means of different sets of 
observations are especially unreliable because the variances can differ substantially 
from one set to another. 
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The kurtosis expresses the peakedness of a distribution. It is obtained from the fourth 
moment about the mean: 
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The coefficient of kurtosis is given by 
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Its significance relates mainly to the normal distribution, for which g2=0. 
Distributions that are more peaked than normal have g2 > 0 and flatter ones have 
g2<0. 
2.2.5 Spatial covariance, correlation and semivariance 
It  is  well  known  that  covariance  and  correlation  are  measures  of  the  similarity  
between  two  different  variables.  To  extend  these  to  measures  of  spatial  similarity,  
consider the data pairs represent measurements of the same variable made some 
distance apart from each other. The separation distance is usually referred to as “lag”, 
as used in time series analysis. Also, covariance and correlation are both measures of 
the similarity of the head and tail values. Semivariance is a measure of the 
dissimilarity. The equations representing the covariance, correlation and 
semivariance are shown in equations (2.19, 2.20, 2.21). 
Covariance: 
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Semivariance: 
[ ]
2)(
1
)()(
)(2
1)( å
=
-+=
hN
uZhuZ
hN
h
a
aag  (2.21) 
where, uα is vector of spatial coordinates, Z(u) is variable under consideration as a 
function of spatial location, h is a lag vector representing separation between two 
spatial locations, Z(uα+h) is lagged version of variable under consideration, m0 and 
m+h are the means of the tail and head values respectively (equation 2.22, 2.23), σ0 
and σ+h are the corresponding standard deviations (equation 2.24, 2.25) of the tail an 
head values. 
The means of the tail and head values: 
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The standard deviations of the tail and head values: 
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Under the condition of second-order stationarity (spatially constant mean and 
variance), the covariance function, correlogram, and semivariogram obey the 
following relationships: 
))(())(),(()0( uZVaruZuZCovC ==  
)0(/)()( ChCh =r  
)()0()( hCCh -=g  
(2.26) 
where, C(0) is the lag zero covariance. 
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Consequently, the lag-zero covariance (C(0)) should be equal to the global variance 
of the variable under consideration, the correlogram should look like the covariance 
function scaled by the variance, and the semivariogram should look like the 
covariance function turned upside down (example is shown in Figure 2.10). 
 
Figure 2.10: Typical variogram and covariance function, adapted from 
Bohling (2005). 
Unlike time series analysis, who prefers to work with either the covariance function 
or  the  correlogram,  geostatisticians  typically  work  with  the  semivariogram.  This  is  
primarily because the semivariogram, which averages squared differences of the 
variable, tends to filter the influence of a spatially varying mean. Also, 
semivariogram can be defined in some cases where the covariance function cannot 
be defined.  In particular, the semivariance may keep increasing with increasing lag, 
rather than leveling off, corresponding to an infinite global variance. In this case the 
covariance function is undefined. 
2.2.6 Estimation of the variogram 
2.2.6.1 The variogram cloud 
For any set of data we can compute the semivariance for each pair of points, xi and xj 
individualy as: 
21( , ) [ ( ) ( )]
2i j i j
x x Z x Z xg = -  (2.27) 
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These values can then be plotted against the lag distance as a scatter diagram, called 
the “variogram cloud”. Figure (2.11) shows the example of variogram cloud. It 
contains all of the information on the spatial relations in the data. In principle, we 
could fit a model to it to represent the regional variogram, but in practice it is almost 
impossible to judge from it if there is any spatial correlation present, what form it 
might have, and how we could model it. A more sensible approach is to average the 
semivariances for each of a few lags and then examine the result. Nevertheless, the 
variogram cloud shows the spread of values at the different lags, and it might enable 
us to detect outliers or anomalies. The tighter this distribution is the stronger is the 
spatial continuity in the data (Webster and Oliver, 2001). 
 
Figure 2.11: The vaiogram cloud, adapted from Webster and Oliver (2001). 
2.2.6.2 Sampling in one dimension 
In this thesis work we use one dimensional sampling, so we will introduce only 
sampling in one dimension. There can be regular and irregular sampling. 
For regular sampling in one dimension along transects we can denote the data by zi= 
z(xi), i=1,2,…,N. the lag becomes scalar, h=|h|, for which γ(h) can be computed only 
at integral multiples of the interval. The semivariance is then computed as: 
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Figure 2.12(a) shows the situation. First, the squared differences between 
neighboring pairs of values, z1 and z2, z2 and z3, and so on, i.e. for h  =  1, are 
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determined for each position and averaged. All of the observations at lag interval h 
are used twice except for those at the ends of transect, and so there are N  -  1 
comparisons. If there are missing values at some locations, as in Figure 2.12(b), then 
there will be fewer comparisons, and the divisor is diminished accordingly. By 
increasing h to 2 the comparisons are then z1 with  z3,  z2 with  z4,  etc.,  and  we  can  
repeat the procedure for h =  3,4,....  The  result  is  a  set  of  semivariances  γ(l),  γ(2),  
γ(3).....that is ordered as a function of h. It is a one-dimensional sample variogram or 
experimental variogram, and we can plot γ (h) against h (Webster and Oliver, 2001). 
If data are irregularly scattered then the average semivariance for any particular lag 
can be derived only by grouping the individual lag distances between pairs of points. 
Otherwise we have individual semivariances as in the variogram cloud. Typically the 
averaging is done by choosing a set of lags, hj,j =  1,2,...,  at  arbitrary  constant  
increments d, and then associating with each hj a class of width d, bounded by hj - 
d/2 and hj + d/2. Each pair of points separated by hj ± d/2 is used to estimate γ(hj). In 
this way each comparison contributes to one and only one estimate. Sometimes there 
are more comparisons at the shorter lags, especially where sampling has been nested 
and then it can be advantageous to increase the increments, and with them d, as h 
increases (Webster and Oliver, 2001). 
 
Figure 2.12: Comparisons for computing variogram: (a) without missing values, 
(b) with missing value, adapted from Webster and Oliver (2001). 
2.2.7 Characteristics of the semivariogram 
There are three main parameters of the semivariogram, they are: the sill, range and 
nugget effect. They are described below (Isaaks and Srivastava, 1989; Clark and 
William, 2001; Webster and Oliver, 2001; Bohling, 2005): 
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Sill: The semivariance value at which the variogram reaches its maximum value. 
Also used to refer to the “amplitude” of a certain component of the semivariogram. It 
is shown in Figure (2.13); “sill” could refer to the overall sill (1.0) or to the 
difference (0.8) between the overall sill and the nugget (0.2). 
Range: The lag distance at which the semivariogram (or semivariogram component) 
reaches the sill value (Figure 2.13). Presumably, autocorrelation is essentially zero 
beyond the range. Also, the samples become independent of one another at the range. 
Nugget: Nugget effect reflects the difference between samples which are very close 
together, but not exactly at the same position (Figure 2.13). This has been interpreted 
in various ways, but is generally accepted to be due to sampling errors or to inherent 
variability of the data. Also, in theory it is accepted that the semivariogram value at 
the origin (0 lag) should be zero. 
 
Figure 2.13: The example of semivariance, adapted from Bohling (2005). 
2.2.8 The variogram models 
There are many possible models for the idealised “population” semi-variogram γ(h). 
However, there are aslo mathematical restrictions on the models which can be 
applied, mostly designed to ensure that we do not end up with answers involving, for 
example, negative variances. The major purpose for fitting a model is to give us an 
algebraic formula for the relationship between values at specified distances. The 
most commonly used semi-variogram models are presented below (Clark and Oliver, 
2001): 
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The spherical model: This model was first proposed by Metheron and represents the 
non- overlap of two spheres of influence. The formula is cubic since it represents the 
volumes,  and  relies  on  two parameters  the  range  (radius  of  the  sphere)  and  the  sill  
(plateau) which the graph reaches at the range. The shape is presented in Figure 2.14, 
and equation is given below: 
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where, γ(h) is the semi-variogram, h = the distance between the two points of 
interest, a represents the range of influence of the semi-variogram, C is the sill and 
C0 is the nugget effect on the γ(h) axis. 
The exponential model: This  model  developed  to  represent  the  notion  of  
exponential decay of “influence” between two samples. It relies on two parameters 
the range (a scaling parameter) and the sill (plateau) which the graph tends towards 
at large distances. The shape is presented in Figure (2.14), and equation is given 
below:  
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The symbols in equation (2.30) are the same as in equation (2.29). However, it is not 
possible to interpret range, a, as for spherical model. The distance a (range) is not the 
distance at which samples become independent of one another. Exponential model 
reaches about two-thirds of its height at a distance a, and must go to four or five 
times this distance to come close to its asymptotic sill.  
The Gaussian model: This model represents phenomena which are extremely 
continuous or similar at short distances. Although illustrated with nugget effect, this 
is almost an oxymoron. This sort of model occurs in topographic applications or 
where samples are very large compared to the spatial continuity of the values being 
measured.  
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The shape is presented in Figure (2.14), and equation is given below: 
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The symbols in equation (2.31) are the same as in equation (2.29) and a 
representation is also same with exponential model, but Gaussian model reaches 
about two-third of its height at distance a , and must go to four or five times this 
distance to come close to its asymptotic sill. 
 
Figure 2.14: The semi-variogram models, adapted from Bohling (2005). 
2.3 Aplication of Geostatistics In Earth Sciences 
As mentioned in above sections, geostatistics was diversified into many fields, 
nevertheless, practical geostatistics applications to rock cutting have been limited. At 
present time not enough researches have been done to precisely introduce the 
statistics of rock cutting. In this section of the thesis work some combination studies 
related to earth science and geostatistics will be introduced.  
A number of researchers have been studied fracture behavior. Chiles and Gentier 
(1993) studied a single fracture by geostatistics mean, they gave information of 
modeling techniques for single fracture; also Chiles (1999) have listed a number of 
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geostatistical applications in the study of fracture. Young and Hoeger (1988) in 
“Geostatistics Applications to Rock Mechanics” gave information about 
geostatistical model of joints and studied probability of kinematic slope failure. 
Tavchandjian et al. (1993) used variogram method and kriging techniques in 
definition of fracture density and characterized fracture spatial distribution in shear 
zones. Jeulin (1993) introduced fracture statistics models, such as weakest link 
models and critical damage models. Fowell and Xu (1993) also introduced weakest 
link model and bundle link model; furthermore, they used a probabilistic fracture 
approach to rock cutting mechanics. However, Fowell and Xu did not use the 
variogram method, their work was interesting from rock cutting point of view, a 
prediction of rock cutting performance was based on relation of proposed model with 
conventional rock properties, rock compressive strength and fracture toughness. 
Tunnel construction is increasing widely, and needs probabilistic prediction of the 
machine performance before starting a tunnel project. A number of scientists have 
applied geostatistics in TBM performance prediction. Ayhan et al. (2000) 
investigated the relation between variance and variogram function in computer 
assessment of cutting head vibration. Yamamoto et al. (2003) by using geostatistical 
method studied the relationship between drill energy coefficient in the region ahead 
of the face derived from drill logging data, and the rock mass strength or excavating 
energy at the excavation site that have been derived from TBM machine data. Also, 
Ozturk and Nasuf (2002) used geostatistical assessment for understanding the 
distribution of regionalized variables such as compressive strength, RQD, 
SchmidHammer hardness, and net cutting rate of a roadheader. 
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3. APPLICATION OF GEOSTATISTICS INTO ROCK CUTTING DATA 
AND DISCUSSIONS 
In  this  chapter,  experimental  studies  performed  by  Çopur,  Bilgin,  Balcı,  Tumaç  
(2008) in a Tubitak Project are mentioned. And then, spatial variability analysis of 
one dimensional (1D) rock cutting signals are explained, including “GS+” software 
used for analysis. Finally, the results of the spatial variability analysis are 
summarized, and the relationships between rock cutting performance and variogram 
parameters are investigated and discussed. 
3.1 Experimental Studies 
Blocks of natural stone samples, such as Biege Marble, White Marble, Travertine 
(P), Travertine (B) and Overburden (P) with the maximum sizes of around 
30X30X30 cm were obtained from four different stone quarries for laboratory 
studies, i.e., for linear cutting experiments. Moreover, for determination of physical 
and mechanical properties core samples were obtained from block samples (Çopur et 
al., 2008). 
3.1.1 Linear cutting test equipment and procedures 
The linear cutting test equipment illustrated in Figure (3.1) was designed to cut core 
samples in diameter of 76 mm by a standard chisel tool for predicting performance of 
roadheaders. However, the machine used in this study can be named as “full-scale 
linear cutting rig”, because block samples and real life cutters are used in the 
experiments. During the experiments, 3D forces acting on a tool are measured 
(Figure 3.2) and specific energy is estimated. Full-scale linear cutting test is known 
as the most reliable method among the other performance modeling methods for 
mechanical miners (Copur et al., 2007). 
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Figure 3.1: Linear cutting test rig of Mining Eng. Dept. of the Istanbul Technical 
University, adapted from Çopur et al. (2008). 
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Figure 3.2: Forces acting on a tool, adapted from Copur (2010). 
3.1.2 Linear cutting test parameters 
Natural stone type, sideways angle of cutting tool, depth of cut and cutting pattern 
(cutting series) are the main independent variables of the linear cutting test program. 
The average and maximum tool forces, specific energy (SE) and coarseness index 
(CI) are the dependent variables. The constant parameters throughout the testing 
program are cutting direction according to sample stratification planes (as in the field 
application), rake angle (-5°), clearance angle (5°), cutting speed (~40 cm/s) and data 
acquisition rate (1000 Hz), but when Overburden (P) testing was performed, the data 
acquisition rate was 2000 Hz (Copur, 2010). 
Beige Marble, White Marble, Travertine (P), Travertine (B) and Overburden (P) 
block samples are used in the linear cutting tests. There are some pores in Travertine 
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(P)  and  Travertine  (B).  The  volumes  of  the  pores  in  the  Travertine  (B)  sample  are  
(16-18%)  are  higher  than  the  Travertine  (P)  sample  (7-8%).  White  Marble  sample  
has visible grain size between 0.5 to 2.0 mm. Any stratification, foliation or bedding 
plane  is  not  determined  for  the  samples,  except  for  Travertine  (B).  The  cutting  
direction for Travertine (B) is kept as parallel to the bedding plane. 
The experiments are carried out with the 12.7 mm width tungsten carbide tools. 
However, four different sideways angles of 0°, 15°, 30° and 45° are tested. The tip 
(included)  angles  of  all  the  tools  are  90°.  Pointed  and  sharp  tips  are  located  at  the  
center of the tool width symmetry axis to transfer the loads to the center of load cell 
(Figure 3.3). The 0° tool is a standard chisel tool used for prediction of roadheader 
performance.  
  45°         30°   15°         0° 
 
  
45° 30° 15° 0° 
Sideways Angles  
Figure 3.3: Tools used in the tests, adapted from Copur et al. (2007). 
The apertures of the sieve series used for sieve analysis of the cut materials obtained 
from linear cutting tests are 5.6, 4.0, 2.0, 1.0, 0.5, 0.25 and 0.125 mm; see example in 
Figure (3.4). The cut material sample is placed into the shaker, after being vibrated 
for  5  minutes  with  a  certain  frequency,  the  retained  materials  are  weighted  with  a  
precise balance. The determination of coarseness index is provided by summing up 
cumulative percent retained values. The example of results is presented in Table 
(3.1). 
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Figure 3.4: Example of sieve analysis, adapted from Çopur et al. (2008). 
Table 3.1: The example of sieve analysis result. 
 
The linear cutting data matrix used for 1D variogram analysis is presented in Table 
(3.2). There are 3 groups of linear cutting data. In the 1st group of linear cutting data, 
the effect of stone type and depth of cut on cutting performance is examined for 
unrelieved cutting (U Series) by standard chisel tool (the 0° tool). In the 2nd group of 
linear cutting data, the effect of sideways angle (0°, 15°, 30°, 45°) on cutting 
performance is examined for unrelieved cutting (U Series) on Beige Marble (BB) 
sample at 3 mm of depth of cut. In the 3rd group of linear cutting data, the variation 
of cutting performance at optimum (s/d) condition is examined for relieved cutting 
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by the 45° tool at 3 mm of depth of cut and 5 mm of line spacing for different natural 
stones. 
Table 3.2: The linear cutting experimental data matrix used for 1D variogram 
analysis 
Data Group The 1st Group Data The 2nd Group Data The 3rd Group Data 
In
de
pe
nd
en
t 
V
ar
ia
bl
e 
Stone type: Beige Marble 
(BB), White Marble (TB), 
Travertine-P (PT), 
Travertine-B (BT), 
Overburden-P (OP) 
Depth of cut: 1, 2, 3, 4 mm 
Sideways angle of 
tool: 0°, 15°, 30°, 
45° 
Stone type: Beige 
Marble (BB), White 
Marble (TB), 
Travertine-P (PT), 
Travertine-B (BT), 
Overburden-P (OP) 
C
on
st
an
t 
Pa
ra
m
et
er
s 
Cutting mode: U Series 
(unrelieved cutting mode) 
Tool type: Standard chisel 
tool (0°) 
Cutting mode: U 
Series (unrelieved 
cutting mode) 
Stone type: Beige 
Marble (BB) 
Depth of cut: 3 mm 
Cutting mode: S Series 
(relieved cutting mode) 
Line spacing: 5 mm 
Tool type:  The 45° 
tool 
Depth of cut: 3 mm 
D
ep
en
de
nt
 
V
ar
ia
bl
es
 
(C
ut
tin
g 
Pe
rf
or
m
an
ce
 
Pa
ra
m
et
er
s)
  
FN, FN’, FC, FC’, SE, CI 
 
FN, FN’, FC, FC’, SE, 
CI 
 
FN, FN’, FC, FC’, 
SEopt, CIopt 
 
FN = average normal force, FN’ = average maximum (peak) normal force, FC = average cutting force, 
FC’ = average maximum (peak) cutting force, SE = specific energy, SEopt = specific energy at 
optimum (s/d) condition, CI = coarseness index of rock chips, CIopt = coarseness index of rock chips 
at optimum (s/d) condition 
3.2 Aplication of Spatial Variability Analysis into 1D Rock Cutting Data 
In this study, spatial variability analysis is performed by the Gamma design software 
(GS+), by using 1D rock cutting data. Discussion of the empirical distribution is 
illustrated in section 2.2.2, also, the discussion of the spherical model of the 
semivariogram  is  taken  as  the  base  model  (section  2.2.8).  Gamma  design  software  
(GS+) introduction and relationships between semivariogram parameters and cutting 
performance are presented below. 
3.2.1 Gamma Design Software (GS+) and application to 1D rock cutting data 
GS+ is a GeoStatistical Analysis program that allows quickly and efficiently measure 
and illustrate spatial relationships in geo-referenced data. Moreover, GS+ analyzes 
spatial  data  for  autocorrelation  and  then  uses  this  information  to  make  optimal,  
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statistically rigorous maps of the area sampled. GS+ provides three types of spatial 
autocorrelation analysis such as: semivariance analysis producing variograms and 10 
types of variogram models, Moran’s I statistic, which produces autocorrelograms and 
fractal analysis, which produces the Hausdorff-Besicovitch statistic or fractal 
dimension D0. GS+ provides two types of interpolation such as: block kriging, for 
describing a discrete area around a sample location and punctual kriging, for 
interpolating discrete points. GS+ provides basic parametric statistics such as: 
sample means and variance frequency distributions, skewness, and kurtosis for 
determining departure from normality and transformations for returning the data to 
normality. In this work semivariance analysis is performed. 
Firstly, cutting force FC and normal force FN data (in kgf) generated from linear 
cutting test is integrated to GS+ program. It must be noted that the data records are 
space-delimited XYZ type data. This means that each data record contains at least 3 
fields: an X-coordinate location, a Y-coordinate location, and the value for at least 
one Z variate measured at that x-y location. One cannot integrate the data directly, 
since X-coordinate of the linear cutting data is in the form of time. The time values 
are converted to length values based on cutting speed of 40cm/sec and data 
acquisition rate of 1000Hz. Y axis was set as 1 for the entire data for consistency. 
Then, the empirical distribution statistics are obtained, if there is a log normal 
distribution it must be transformed to normal distribution. The normal distribution is 
found by skewness, which is a measure of the asymmetry of the observation; 
skewness must be close to zero. None of the data is transformed since the majority of 
the data distributions are quite close to the normal distribution. 
Finally, the spherical variogram model was chosen for all of the data; due to range in 
the spherical model gives exact distance at which samples become independent of 
one another. When the spherical variogram model was fitted, the nearest model to 
variance line of the data distribution and model with high r2 was chosen. There are 
both zonal and geometrical anisotropies in some data of the first group (Appendix-D 
Figure (D.28), Figure (D.32), Figure (D.80) and Figure (D.90)). The first two of the 
data (Figure D.28 and D.32) are Travertine (B) and the last two are Overburden (P), 
which  shows anisotropy.  Since  the  data  is  1  dimensional,  the  test  of  the  zonal  and  
geometric anisotropy is not performed. 
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3.2.2 Results and discussions 
The physical and mechanical properties of the samples are summarized in Table 
(3.3). As seen in Table (3.3), a wide variety of samples are used in the analysis. 
Summary of the results of the linear cutting experiments for the 1st group of data and 
variogram analysis are presented in Table (3.4) for normal force data and Table (3.5) 
for cutting force data; detailed results are presented in Appendix-A (Table A.1 for 
normal force data and Table A.2 for cutting force data). 
Table 3.3: Some of physical and mechanical properties of the samples used in the 
analyses (Çopur et al., 2008) 
 Beige Marble Travertine (B) Travertine (P) Overburden (P) White Marble 
r (g/cm3) 2.69 ± 0.01 1.84 ± 0.14  2.44 ± 0.02 2.51 ± 0.07 2.70 ± 0.00 
UCS (MPa) 83.7 ± 25.10 12.7 ± 5.40 (^) 36.7 ± 2.42 43.0 ± 10.9 35.8 ± 7.10 
BTS (MPa) 8.50 ± 1.29 3.54 ± 0.99 (^) 6.76 ± 1.24 4.57 ± 0.88 5.03 ± 0.93 
CAI 1.10 0.25 0.25 0.50 1.50 
Esta (GPa) 17.17 ± 1.07 0.593 ± 0.49 (^) - 10.24 ± 1.76 12.21 ± 1.82 
nsta 0.20 ± 0.03 0.19 ± 0.14 (^) - 0.22 ± 0.03 0.28 ± 0.04 
P (m/s) 7553 ± 474 4757 ± 1495 (^) - 7789 ± 873 10127 ± 596 
S (m/s) 3346 ± 53 2458 ± 574 (^) - 3498 ± 373 4380 ± 205 
Edyn  (GPa) 82.8 ± 3.7 44.4 ± 21.0 (^) - 91.0 ± 19.7 143.0 ± 13.6 
ndyn 0.38 ± 0.02 0.30 ± 0.07 (^) - 0.37 ± 0.003 0.38 ± 0.004 
SS 59.9 ± 1.3 10.7 ± 1.6 (^) 
14.6 ± 2.6 (//) 
48.7 ± 4.0 52.0 ± 1.4 55.4 ± 3.4 
SH 70.0 ± 1.6 24.8 ± 2.3 (^) 
46.3 ± 3.1 (//) 
53.9 ± 8.7 52.5 ± 1.5 54.2 ± 4.1 
CIHI 2.72 ± 0.26 1.11 ± 0.08 1.19 ± 0.16 2.88 ± 0.97 1.36 ± 0.36 
(a) PO (%) - 16 to 18 7 to 8 - - 
(a) GS 
(mm) 
<< 0.1 < 0.1 ~0.1 to 1.0 - 0.5 to 2.0 
r = density (natural unit weight), UCS = uniaxial compressive strength, BTS = Brazilian (indirect) tensile 
strength, CAI = Cerchar abrasivity index, Esta = static elasticity modulus, nsta = static Poisson’s ratio, P = P 
wave velocity, S = S wave velocity, Edyn = dynamic elasticity modulus, ndyn = dynamic Poisson’s ratio, SS = 
(C-2 type) Shore sclerescope hardness index, SH = (L-9 type) Schmidt hammer rebound hardness index, 
CIHI = cone indenter hardness index, PO = porosity, GS = grain size, (^) loading applied perpendicular to 
bedding plane, (//) = loading applied parallel to bedding plane. 
(a) = It is found out based on petrographical analysis of thin sections. 
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Table 3.4: Summary of the results of the linear cutting experiments for the 1st group 
of data and variogram analysis for normal force 
Stone name File name d  FN F'N FC F'C SE CI nugget sill range r2
(mm) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (%) Co Co+C Ao(mm)
BBD10U 0.85 193.9 337.0 52.3 238.7 41.84 479 742 2375 1.17 0.923
BBD20U 1.5 278.3 472.2 96.8 329.3 40.16 561 852 4066 1.06 0.895
BBD30U 2.4 346.3 719.3 129.8 530.9 29.28 633 2775 9301 8.75 0.841
BTD10U 1 31.3 109.9 23.8 89.5 17.13 448 76 597 3.46 0.884
BTD20U 2 36.6 124.4 48.1 157.8 16.12 490 270 658 4.43 0.989
BTD30U 3 41.9 117.8 52.6 136.8 12.10 546 91 524 4.72 0.924
PTD10U 1 79.0 179.9 43.4 195.4 37.11 449 557 1646 9.97 0.939
PTD20U 2 99.8 242.3 77.5 342.7 23.74 590 620 2695 5.83 0.916
PTD30U 3 150.5 340.6 107.6 397.8 19.69 599 1611 4754 15.04 0.875
PTD40U 4 178.6 446.4 127.9 478.7 17.09 645 1770 7814 8.65 0.860
TBD10U 1 101.8 188.2 61.5 226.2 46.68 363 242 913 1.46 0.767
TBD20U 2 135.8 293.5 122.0 387.6 43.07 470 771 2993 1.53 0.954
TBD30U 3 185.7 358.3 202.9 566.6 38.46 534 1106 4053 3.13 0.893
OPD10U 1 198.3 327.5 53.8 167.6 45.70 452 439 2465 1.65 0.930
OPD20U 1.5 243.9 414.3 72.4 241.9 33.50 516 876 3614 1.81 0.948
OPD30U 2.5 296.2 562.4 104.6 345.4 26.20 578 3403 8965 10.42 0.930
Overburden (P) (OP)
Biege Marble (BB)
Travertine (B) (BT)
Travertine (P) (PT)
White Marble (TB)
 
Table 3.5: Summary of the results of the linear cutting experiments for the 1st group 
of data and variogram analysis for cutting force 
Stone name File name d  FN F'N FC F'C SE CI nugget sill range r2
(mm) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (%)  Co Co+C Ao(mm)
BBD10U 0.85 193.9 337.0 52.3 238.7 41.84 479 1139 4121 5.87 0.777
BBD20U 1.5 278.3 472.2 96.8 329.3 40.16 561 1390 5497 1.41 0.836
BBD30U 2.4 346.3 719.3 129.8 530.9 29.28 633 2890 10555 1.63 0.896
BTD10U 1 31.3 109.9 23.8 89.5 17.13 448 136 468 2.85 0.852
BTD20U 2 36.6 124.4 48.1 157.8 16.12 490 373 865 2.34 0.864
BTD30U 3 41.9 117.8 52.6 136.8 12.10 546 212 654 3.99 0.892
PTD10U 1 79.0 179.9 43.4 195.4 37.11 449 677 2411 1.98 0.910
PTD20U 2 99.8 242.3 77.5 342.7 23.74 590 1190 4471 3.11 0.870
PTD30U 3 150.5 340.6 107.6 397.8 19.69 599 1640 6533 3.74 0.900
PTD40U 4 178.6 446.4 127.9 478.7 17.09 645 2797 10623 3.87 0.824
TBD10U 1 101.8 188.2 61.5 226.2 46.68 363 498 2093 1.06 0.722
TBD20U 2 135.8 293.5 122.0 387.6 43.07 470 1415 5915 0.67 0.892
TBD30U 3 185.7 358.3 202.9 566.6 38.46 534 2833 10603 2.41 0.877
OPD10U 1 198.3 327.5 53.8 167.6 45.70 452 288 1312 0.90 0.909
OPD20U 1.5 243.9 414.3 72.4 241.9 33.50 516 593 1993 1.56 0.889
OPD30U 2.5 296.2 562.4 104.6 345.4 26.20 578 1325 3928 2.12 0.929
Biege Marble (BB)
Travertine (B) (BT)
Travertine (P) (PT)
White Marble (TB)
Overburden (P) (OP)
 
Summary of the results of the linear cutting experiments for the 2nd group of data and 
variogram analysis are presented in Table (3.6) for normal force data and Table (3.7) 
for cutting force data; detailed results are presented in Appendix-B (Table B.1 for 
normal  force  data  and  Table  B.2  for  cutting  force  data).  Summary  of  the  results  of  
the linear cutting experiments for the 3rd group of data and variogram analysis are 
presented in Table (3.8) for normal force data and Table (3.9) for cutting force data; 
detailed results are presented in Appendix-C (Table C.1 for normal force data and 
Table C.2 for cutting force data). The cutting force data of PTD10U3 is not included 
in the analysis, because the range value with a high correlation is obtained at 
exteremely high value compared to the other data. 
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Table 3.6: Summary of the results of the linear cutting experiments for the 2nd group 
of data and variogram analysis for normal force 
Beige marble Sideway d FN F'N (kg) FC (kg) F'C (kg) SE CI nugget sill range r^2
angle (°) (mm) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (%) Co Co+C Ao(mm)
BBD30U 0 2.4 346.3 719.3 129.8 530.9 29.28 633 2775 9301 8.75 0.841
BBD315U 15 3 164.1 339.1 86.1 308.0 43.43 619 581 2355 3.36 0.861
BBD330U 30 3 132.7 322.9 81.5 307.5 40.49 626 706 2862 5.80 0.864
BBD345U 45 3 136.2 289.5 67.4 308.4 39.65 642 651 2602 2.64 0.863  
Table 3.7: Summary of the results of the linear cutting experiments for the 2nd group 
of data and variogram analysis for cutting force 
Beige marble Sideway d FN F'N (kg) FC (kg) F'C (kg) SE CI nugget sill range r^2
angle (°) (mm) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (%) Co Co+C Ao(mm)
BBD30U 0 2.4 346.3 719.3 129.8 530.9 29.28 633 2890 10555 1.63 0.895
BBD315U 15 3 164.1 339.1 86.1 308.0 43.43 619 980 3729 3.17 0.949
BBD330U 30 3 132.7 322.9 81.5 307.5 40.49 626 1091 4352 4.85 0.839
BBD345U 45 3 136.2 289.5 67.4 308.4 39.65 642 973 3865 1.70 0.807  
Table 3.8: Summary of the results of the linear cutting experiments for the 3rd group 
of data and variogram analysis for normal force 
Stone name File name s s/d FN F'N FC F'C SEopt. CIopt. nugget sill range r^2
 (mm) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (%) Co Co+C Ao(mm)
Biege Marble (BB) BB345S9 9 3.00 114.8 271.1 65.8 310.3 27.60 672 468 1963 3.49 0.837
Travertine (B) (BT) BT345S3 3 1.00 6.7 48.2 11.6 68.7 11.86 512 28 102 5.12 0.890
Travertine (P) (PT) PT345S7 7 2.33 36.8 153.3 33.3 201.2 18.20 648 519 1039 4.68 0.814
White Marble (TB) TB345S7 7 2.33 65.9 152.4 62.9 288.8 27.21 559 399 990 4.17 0.809
Overburden (P) (OP) OP345S5 5 1.67 45.5 159.7 35.6 149.8 23.10 614 299 903 4.30 0.851  
Table 3.9: Summary of the results of the linear cutting experiments for the 3rd group 
of data and variogram analysis for cutting force 
Stone name File name s s/d FN F'N FC F'C SEopt. CIopt. nugget sill range r^2
 (mm) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (%) Co Co+C Ao(mm)
Biege Marble (BB) BB345S9 9 3.00 114.8 271.1 65.8 310.3 27.60 672 850 3454 1.64 0.881
Travertine (B) (BT) BT345S3 3 1.00 6.7 48.2 11.6 68.7 11.86 512 34 157 3.01 0.828
Travertine (P) (PT) PT345S7 7 2.33 36.8 153.3 33.3 201.2 18.20 648 653 2474 2.58 0.957
White Marble (TB) TB345S7 7 2.33 65.9 152.4 62.9 288.8 27.21 559 1031 3778 2.22 0.746
Overburden (P) (OP) OP345S5 5 1.67 45.5 159.7 35.6 149.8 23.10 614 291 1045 2.30 0.831  
Detailed results of the summary statistics of untransformed empirical distributions, 
untransformed histograms and variogram plots for the 1st group of data are presented 
in Appendix-D. Detailed results of the summary statistics of untransformed empirical 
distributions, untransformed histograms and variogram plots for the 2nd group of data 
are presented in Appendix-E. Detailed results of the summary statistics of 
untransformed empirical distributions, untransformed histograms and variogram 
plots for the 3rd group of data are presented in Appendix-F. 
Examples for summary statistics of untransformed empirical distribution, 
untransformed histogram and variogram plot are presented in Table (3.10), Figure 
(3.5) and (3.6), respectively. 
 38
Table 3.10: Example of summary statistics of untransformed empirical distributions 
(Travertine (B), 2 mm depth of cut, 0° tool, unrelieved cutting) 
 
 
Figure 3.5: Untrasformed histogram and summary statistics results for normal force 
data (Travertine (B), 2 mm of depth of cut, 0° tool, unrelieved cutting). 
 
Figure 3.6: Example variogram plot of cutting force data (BTD20U2). 
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In Figure (3.7) the explanation of data distribution of cutting force is combined with 
explanation of cutting (chipping) procedure, where zone-1 is fine material (dust), 
zone-2 is secondary chip and zone-3 is major chip. It must be noted that fine material 
also occurs in zone-2 and zone-3 due to the stress concentration on the cutter-rock 
interface. 
 
Figure 3.7: The explanation of data distribution of cutting force combined with 
explanation of cutting procedure. 
Hypothetically in this study, Range parameter of the semivariogram is considered to 
be related to chip size (especially major chip size) during cutting process (Figure 
3.8), larger range means larger chip size. Also sill is a kind of value indicating the 
variance  of  the  rock  cutting  data.  It  can  be  expected  that  higher  tool  forces  might  
give higher fluctuation in data, and there for higher sill values (Figure 3.9). Nugget 
effect is sampling error and/or short scale variability that causes sample values 
separated by extremely small distances to be quit dissimilar. This cause a 
discontinuity at the origin of variogram, theoretically in this study it may be related 
to data fluctuations in zone-1 (Figure 3.10). 
 40
 
Figure 3.8: The explanation of range combined with explanation of cutting 
procedure. 
 
Figure 3.9: The explanation of sill combined with explanation of cutting procedure. 
 
Figure 3.10: The explanation of nugget effect combined with explanation of cutting 
procedure. 
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3.2.2.1 Relationships between cutting performances and variogram parameters 
(unrelieved series of normal force data at 0o sideways angle) 
The data given in Appendix-A (Table A.1) and Table (3.4) are used for analysis of 
the relationships between cutting performances (unrelieved series of normal force 
data with the 0o sideways angle tool) and variogram parameters. Respectively, range, 
sill and nugget parameters are analyzed in the section below: 
Range : The relationship between the range parameter of semivariogram and depth 
of cut is presented in Figure (3.11). The range parameter of semivariogram increases 
generally with increasing depth of cut, although, Travertine (P) shows unstable 
behavior. The range of semivariogram is theoretically considered relate to the length 
of the zone – 1 and may be zone – 2 (Figure 3.7-3.8). The length of the zone – 1 and 
may be zone – 2 is expected to increase with increasing depth of cut. 
In this part of work, the provided data analysis did not show any relationship with 
average normal force, average peak normal force, average cutting force and average 
peak cutting force. However, there is a decreasing general power trend in 
relationship  between  specific  energy  and  range  (with  a  low  r2 value), as in Figure 
(3.12). Theoretically, the increase of the range means larger chips (longer zone – 1) 
and causes decreasing of the specific energy. Also, there is a general trend in 
relationship between coarseness index and range (with a low r2 value), as in Figure 
(3.13). Theoretically it was expected that there would be a good relationship. 
Nevertheless, the r2 is also very low and it can not be proved. 
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Figure 3.11: Relationship between depth of cut and range for all stones (FN data 
of the 1st Group). 
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Figure 3.12: Relationship between specefic energy and range for all stones (FN 
data of the 1st Group). 
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Figure 3.13: Relationship between coarseness index and range for all stones (FN 
data of the 1st Group). 
Sill: Theoretically it may be considered as it is related to peak force value at which 
major chipping occurs. After the major chip breaks out the force begins to decrease 
rapidly and new cycle of chipping begins. So, if FN or FC is higher, the sill value is 
expected to be higher. The relationship between sill and depth of cut shows that 
increase  of  sill  is  followed  by  increase  of  depth  of  cut.  It  can  be  explained,  as  the  
depth of cut increase, the force needed to create major chip also increases (Figure 
3.14). In relationship between sill and coarsness index it is seen that when force at 
which major chipping occure is high, also the chip size is bigger (Figure 3.15). 
Relationships between sill and tool forces such as average normal force, average 
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normal peack force, average cutting force and average peak cutting force are as 
expected and can be considered as reliable. In all cases, since when forces increase 
the sill increases, too (Figure 3.16-3.19). However, analysis of relationship between 
specific energy and sill did not show good relationship. 
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Figure 3.14: Relationship between depth of cut and sill for all stones (FN data 
of the 1st Group). 
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Figure 3.15: Relationship between coarseness index and sill for all stones (FN 
data of the 1st Group) 
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Figure 3.16: Relationship between average normal force and sill for all stones 
(FN data of the 1st Group). 
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Figure 3.17: Relationship between average peak normal force and sill for all 
stones (FN data of the 1st Group). 
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Figure 3.18: Relationship between average cutting force and sill for all stones 
(FN data of the 1st Group). 
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Figure 3.19: Relationship between average peak cutting force and sill for all 
stones (FN data of the 1st Group). 
Nugget effect: Sampling  error  and  short  scale  variability  may cause  sample  values  
separated by extremely small distances to be quit dissimilar. This causes a 
discontinuity at the origin of variogram, which is called nugget effect.  
The relationship between nugget effect and depth of cut shows that increase of depth 
of cut is followed by increase of nugget effect. It can be explained, as the depth of 
cut increases the force needed to create minor chips in zone-1 and zone-2 also 
increases (Figure 3.20). May be due to large number of pores, Travertine (B) sample 
shows different characteristic, especially at 3 mm depth of cut. In relationship 
between nugget effect and coarsness index a general trend, with low r2 value is 
observed (Figure 3.21). The coarseness index also increases with increasing nugget 
effect. Relationship between nugget and tool forces such as average normal force, 
average normal peak force, average cutting force and average peak cutting force can 
be considered as reliable. In all cases, when the tool forces increase, the nugget effect 
increases, too (Figure 3.22-3.25). However, analysis of relationship between specific 
energy and nugget did not show good correlation. 
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Figure 3.20: Relationship between depth of cut and nugget for all stones (FN data 
of the 1st Group). 
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Figure 3.21: Relationship between coarseness index and nugget for all stones (FN 
data of the 1st Group). 
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Figure 3.22: Relationship between average normal force and nugget for all stones 
(FN data of the 1st Group). 
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Figure 3.23: Relationship between average peak normal force and nugget for all 
stones (FN data of the 1st Group). 
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Figure 3.24: Relationship between average cutting force and nugget for all stones 
(FN data of the 1st Group). 
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Figure 3.25: Relationship between average peak cutting force and nugget for all 
stones (FN data of the 1st Group). 
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3.2.2.2 Relationships between cutting performances and variogram parameters 
(unrelieved series of cutting force data at 0o sideways angle) 
The data given in Appendix-A (Table A.2) and Table (3.5) are used for analysis of 
the relationships between cutting performances (unrelieved series of cutting force 
data with the 0o sideways angle tool) and variogram parameters. Respectively, range, 
sill and nugget parameters are analyzed in the section below: 
Range: Like discussed in section 3.2.2.1, it is expected that the range parameters of 
semivariogram increases with increasing depth of cut (Figure 3.26).  
As with normal force (previous chapter), the provided data analysis did not show 
relationship between average normal force, average peak normal force, average 
cutting force and average peak cutting force. A decreasing trend in relationship 
between specific energy and range is expected. As expected, the increase of the range 
causes the decrease of the specific energy (Figure 3.27); but there is an outlier, the 
range value of beige marble at 0.8 mm was rejected, since it has a flaking (peeling) 
effect (Copur, 2010). Also, there is a general trend with low r2 in relationship 
between coarseness index and range; theoretically it was expected that there would 
be a good relationship, nevertheless, the relationship was not good enough.  
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Figure 3.26: Relationship between depth of cut and range for all stones (FC data 
of the 1st Group). 
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note: ● is the outlier 
Figure 3.27: Relationship between specefic energy and range for all stones (FC 
data of the 1st Group). 
Sill: As discussed in previous section, theoretically it may be considered as peak 
force value at which major chipping occurs might effect the sill. The relationship 
between sill and depth of cut shows that increase of depth of cut is followed by 
increase of sill (Figure 3.28). Similar with normal force data given in previous 
section, Travertine (B) shows slightly different characteristics, may be due to large 
number of pores. In relationship between sill and coarsness index it is seen that when 
sill increases the coarsness index increases, too (Figure 3.29), but r2 is low as in 
normal force data. There is relationship between sill and tool forces such as average 
normal force, average peak normal force, average cutting force and average peak 
cutting force, although the correlation of normal force and peak normal force are 
low. In all cases, when sill increases the tool forces increace, too (Figure 3.30-3.33). 
However, analysis of relationship between specific energy and sill did not show any 
relationship. 
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Figure 3.28: Relationship between depth of cut and sill for all stones (FC data of 
the 1st Group). 
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Figure 3.29: Relationship between coarseness index and sill for all stones (FC 
data of the 1st Group). 
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Figure 3.30: Relationship between average normal force and sill for all stones 
(FC data of the 1st Group). 
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Figure 3.31: Relationship between average peak normal force and sill for all 
stones (FC data of the 1st Group). 
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Figure 3.32: Relationship between average cutting force and sill for all stones 
(FC data of the 1st Group). 
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Figure 3.33: Relationship between average peak cutting force and sill for all 
stones (FC data of the 1st Group). 
Nugget effect: As discussed in previous section, discontinuity at the origin of 
variogram is called nugget. Theoretically in this study it may be related to zone – 1 
and zone – 2 in Figure (3.7-3.10). 
The relationship between nugget effect and depth of cut shows that increase of depth 
of cut is followed by increase of nugget. As seen in Figure (3.34), with increasing 
depth of cut the nugget also increase; it may be due to large number of pores, 
Travertine (B) sample shows different characteristics at 3 mm depth of cut same as in 
normal force data. In relationship between nugget effect and coarseness index a 
general trend with low r2 is observed (Figure 3.35). Relationship between nugget and 
tool forces such as average normal force, average peak normal force, average cutting 
force and average peak cutting force can be considered as reliable. In all cases, since 
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sill increases the tool forces increase, too (Figure 3.36-3.39), but average normal 
force and average peak normal force show low correlation. Analysis of relation 
between specific energy and nugget did not show good correlation. 
Due to, there were poor or medium relationship between coarseness index and range 
in all data analysis, it was decided to perform an analysis of relationship between 
range and the material taken under 0.125 mm sieve aperture, which is fine material. 
However, performed analysis did not show the relation between range and the 
material taken under 0.125 mm sieve aperture. 
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Figure 3.34: Relationship between depth of cut and nugget for all stones (FC data 
of the 1st Group). 
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Figure 3.35: Relationship between coarseness index and nugget for all stones (FC 
data of the 1st Group). 
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Figure 3.36: Relationship between average normal force and nugget for all stones 
(FC data of the 1st Group). 
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Figure 3.37: Relationship between average peak normal cutting force and nugget 
for all stones (FC data of the 1st Group). 
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Figure 3.38: Relationship between average cutting force and nugget for all stones 
(FC data of the 1st Group). 
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Figure 3.39: Relationship between average peak cutting force and nugget for all 
stones (FC data of the 1st Group). 
3.2.2.3 Relationships between sideways angle and variogram parameters (Beige 
Marble at 3 mm depth of cut with 0o, 15o, 30o, 45o sideways angles) 
The data given in Appendix-B (Table B.1) and Tables (3.6 and 3.7) are used for 
analysis of the relationships between tool sideways angle (unrelieved series of 
cutting force and normal force data) and variogram parameters. Respectively, range, 
sill and nugget parameters are analyzed in the section below: 
Copur (2010) found the relationship between sidways angles of tools and tool forces 
for unrelieved series tests for beige marble. As is seen in Figure (3.40), the tool 
forces are almost in similar levels for 15o, 30o and 45o sideways angles, but quite 
higher for 0o sideways angle. In this study the relationship between sill and nugget 
effect and tool forces with 0o, 15o, 30o, 45o sideways angles at 3 mm depth of cut are 
analyzed for normal and cutting forces data. As it is seen in Figure (3.41), there is 
similar behavior with results obtained by Copur (2010), similarly the sill and nugget 
values are almost in same levels for 15o, 30o and 45o sideways angles, but quite 
higher for 0o sideways angle. 
Also, the relationship between range and sideways angles were analyzed. As it is 
seen in Figure (3.42), the results for range are not conclusive for both normal and 
cutting force data. 
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Figure 3.40: Relationships between sideways angle and tool forces for U Series tests 
(unrelieved cutting) at different depth of cut values for Beige Marble, 
adapted from Copur (2010). 
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Figure 3.41: Relationships between sideways angles (0°, 15°, 30°, 45° for unrelieved 
cutting of Beige Marble) and sill and nugget (FN and FC data of the 
2nd Group). 
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Figure 3.42: Relationships between sideways angles (0°, 15°, 30°, 45° for unrelieved 
cutting of Beige Marble) and range (FN and FC data of the 2nd Group). 
3.2.2.4 Relationships between variogram parameters and cutting performance 
in relieved mode (at 3 mm depth of cut, 45o tool and optimum (s/d) ratio) 
The data given in Appendix – C (Tables C.1 and C.2) and Tables (3.8 and 3.9) are 
used for analysis of the relationship between cutting performance in relieved mode 
and variogram parameters. 
The relations are not conclusive, due to low data numbers. Although the correlations 
are promising. In all relationships of rock cutting performances (SEopt, FN, F’N, FC, 
F’C) with range, the increase in range provides decreasing of rock cutting 
performance (Figure G.1 – G.10 in Appendix-G). However, the relations of 
coarseness index with range did not show expected relationship. 
In relationship between rock cutting performance (SEopt, FN, F’N, FC, F’C and 
CIopt)  and  sill,  the  rock  cutting  performance  also  increases  with  increase  of  sill  
(Figure G.11 – G.21 in Appendix-G). However, in cutting force data there is no 
relationship between coarseness index and sill. 
In relationship between rock cutting performance (SEopt, FN, F’N, FC, F’C and 
CIopt) and nugget, with increase of nugget the rock cutting perfotrmance also 
increases (Figure G.22 – G.36 in Appendix-G). However, same as in the relationship 
between sill and coarseness index, in cutting force data there is no relationship 
between coarseness index and sill. Two of the best relationships, as example are 
presented in Figure (3.43) and (3.44). 
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Figure 3.43: Relationship between optimum specific energy and range (FC 
data of the 3rd Group). 
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Figure 3.44: Relationship between average normal force and range (FC data 
of the 3rd Group). 
3.2.2.5 Relationships between brittleness and variogram parameters (unrelieved 
series of normal and cutting force data at 0o sideways angle and 3 mm 
depth of cut) 
The breakage of the stones/rocks cut by a cutting tool depends on many parameters. 
Among those parameters, the brittleness is one of the most important. Brittleness can 
be  defined  as  the  ratio  of  uniaxial  compressive  strength  (UCS)  to  Brazilian  tensile  
strength (BTS) (Hucka and Das, 1974). The data given in Table (3.11) and in Table 
(3.12) are used for analysis of the relationships between brittleness of rock samples 
and variogram parameters estimated for unrelieved series of cutting force and normal 
force data at 0o sideways angle and 3 mm depth of cut. 
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Table 3.11: Summary of the brittleness of stone samples and variogram parameters 
for normal force 
Rock Type 
Nugget 
Co 
Sill 
Co+C 
Range  
Ao (mm) 
Brittleness 
(UCS/BTS)  
Travertine (B) 91 524 4.72 3.59 
Travertine (P) 1611 4754 15.04 5.43 
White Marble 1106 4053 3.13 7.12 
Overburden (P) 3403 8965 10.42 9.41 
Biege Marble 2775 9301 8.75 9.85 
Table 3.12: Summary of the brittleness of stone samples and variogram parameters 
for cutting force 
Rock Type 
Nugget 
Co  
Sill 
Co+C 
Range 
Ao (mm) 
Brittleness 
(UCS/BTS)  
Travertine (B) 212 654 3.99 3.59 
Travertine (P) 1640 6533 3.74 5.43 
White Marble 2833 10603 2.41 7.12 
Overburden (P) 1325 3928 2.12 9.41 
Biege Marble 2890 10555 1.63 9.85 
The relationships between brittleness and variogram parameters (sill, nugget effect 
and range) are presented in Figures (3.45-3.50) for normal and cutting force data, 
respectively. As expected, the sill and nugget effect increase generally with increase 
of brittleness for both normal and cutting force data. However, the scatter of the data 
for cutting force has some discrepancy, especially due to Overburden (P) sample. In 
addition, range values of normal force data do not have any relationship with 
brittleness, while the range value of cutting force data shows an inverse relationship 
with brittleness as opposed to theoretical expectation. Therefore, this situation should 
be further studied in detail in future studies. 
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Figure 3.45: Relationship between brittlenes and nugget effect (FN data for 
Unrelieved series at 0o sideways angle and 3 mm depth of cut). 
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Figure 3.46: Relationship between brittlenes and sill (FN data for Unrelieved series 
at 0o sideways angle and 3 mm depth of cut). 
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Figure 3.47: Relationship between brittlenes and range (FN data for Unrelieved 
series at 0o sideways angle and 3 mm depth of cut). 
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Figure 3.48: Relationship between brittlenes and nugget effect (FC data for 
Unrelieved series at 0o sideways angle and 3 mm depth of cut). 
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Figure 3.49: Relationship between brittlenes and sill (FC data for Unrelieved series 
at 0o sideways angle and 3 mm depth of cut). 
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Figure 3.50: Relationship between brittlenes and range (FC data for Unrelieved 
series at 0o sideways angle and 3 mm depth of cut). 
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4. CONCLUSIONS 
Initially, it is important to state that normal (FN) and cutting (FC) force data,which 
were previously measured by linear cutting test in laboratory condition, are 
incorporated into GS+ software in order to calculate parameters of variogram such as 
nugget,  sill  and  range.  After  that,  it  is  aimed  to  analyze  the  relationships  between  
variogram  parameters  and  rock  cutting  performance  parameters  (SE,  FN,  F’N,  FC,  
F’C and CI), to better understand the rock cutting mechanism. 
In  unrelieved  series  of  normal  force  data  obtained  by  the  standard  chisel  tool  (0o), 
data analysis results in a good depth of cut-range relationship. Nevertheless, the 
relationships of range with SE, CI, FN, F’N, FC, and F’C are not satisfactory. Also, 
it is seen that good relationships for nugget and sill with such parameters as depth of 
cut, FN, F’N, FC, and F’C are obtained. The same results are obtained for unrelieved 
series of cutting force data obtained by the standard chisel tool (0o), except for 
specific energy – range relationship; specific energy (SE) has a good relationship 
with range. 
While cutting Beige Marble in unrelieved mode at 3 mm depth of cut, the effect of 
sideways angle on sill and nugget is quite similar to the effect on tool forces. Sill and 
nugget are very high for 0o sideways angle, while they are lower for 15o, 30o and 45o. 
The sill and nugget values for 15o, 30o and 45o are almost at same level. However, 
there is no conclusive relationship between range and sideways angle. 
The third part of statistical analysis is based on solving for relationship between 
variogram parameters and cutting performance for all stones in relieved mode at 3 
mm depth of cut with the 45o tool and at optimum line spacing to depth of cut ratio. 
According to plotted graphs, it can be concluded that there is relationship between 
the most of the variogram parameters and rock cutting parameters. In analysis of the 
normal force data there is a weak relationship between coarseness index and range. 
Similarly, in analysis of cutting force data, there is a moderate relationship between 
coarseness index and range, sill and nugget. It should be noted that the most of the 
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relationships are not conclusive, due to limited quantity of rock sample data for 
relieved cutting mode, although the coefficients of determination (r2) are high. 
In the relationships between brittleness and variogram parameters, the sill and nugget 
effect increase generally with increase of brittleness for both normal and cutting 
force data. Range value of normal force data do not have any relationship with 
brittleness, while the range value of cutting force data shows an inverse relationship 
with brittleness as opposed to theoretical expectation. Therefore, this situation should 
be further studied in detail in future studies. 
Theoretical thoughts are mostly confirmed. As range parameter of the semivariogram 
in this study is considered to be related to chip size during cutting process, larger 
range means larger chip size. Nugget effect is related to data fluctuations in the 
beginning of rock chipping, larger nugget means larger fluctuation of tool force in 
zone – 1. Also sill is a kind of value indicating the variance of the rock cutting data. 
It is confirmed that higher tool forces gives higher fluctuation in data. 
The results indicate that normal force data signals should be used for relatively 
harder stones, while cutting force data signals should be used for relatively softer 
stones in analysis of variogram parameters. This study shows that the cutting 
performance parameters (of chisel tools) can be predicted by variogram parameters. 
Variogram parameters reflect the chipping characteristics. This study should be 
further continued to improve the results, may be using different types of tools such as 
conical and disc cutters. Then, it would be easier to better understand the rock cutting 
mechanisms. 
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APPENDICES 
 
 
ABREVIATIONS USED IN APPENDICES ARE AS FOLLOWS: 
FN = average normal force,  
FN’ = average maximum (peak) normal force,  
FC = average cutting force,  
FC’ = average maximum (peak) cutting force,  
SE = specific energy,  
SEopt = specific energy at optimum (s/d) condition,  
CI = coarseness index of rock chips,  
CIopt = coarseness index of rock chips at optimum (s/d) condition. 
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APPENDIX A 
Detailed results of the linear cutting experiments for the 1st group of data and 
variogram analysis for normal and cutting forces
 68
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Table A.1: Detailed results of the linear cutting experiments for the 1st group of data and variogram analysis for normal force data 
Stone File d(mm) FN Ave.FN F'N Ave.F'N FC Ave.FC F'C Ave.F'C SE Ave.SE CI nugget Average sill Average range Ave.Range r^ 2
Name Name (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (MJ/m^3) (%) Co Nugget Co+C sill Ao (mm) Ao(mm)
BBD10U1 192.62 342.29 50.36 245.14 33.84 703 2431 1.18 0.959
BBD10U2 194.91 307.68 55.21 271.57 42.98 525 1766 0.93 0.885
BBD10U3 199.72 334.47 50.07 212.60 46.07 1115 2514 1.64 0.955
BBD10U4 188.44 363.52 53.39 225.38 44.47 625 2788 0.94 0.891
BBD20U1 266.86 484.39 94.77 307.35 38.49 1023 4099 1.17 0.944
BBD20U2 282.65 443.20 100.70 334.17 42.37 774 3701 1.05 0.901
BBD20U3 285.44 489.15 94.98 346.43 39.64 760 4398 0.96 0.839
BBD30U1 370.61 723.74 138.57 554.34 32.62 4140 8281 7.50 0.920
BBD30U2 321.99 714.94 120.94 507.44 25.94 1410 10320 9.99 0.762
BTD10U1 32.20 111.09 25.91 82.86 17.52 80 507 2.95 0.842
BTD10U2 30.42 108.69 21.77 96.08 16.75 72 687 3.96 0.925
BTD20U1 28.92 105.90 42.02 129.25 14.41 200 467 3.74 0.991
BTD20U2 44.38 142.92 54.22 186.41 17.84 340 848 5.12 0.987
BTD30U1 22.56 126.62 44.50 161.88 9.58 222 619 5.05 0.875
BTD30U3 16.11 55.31 44.41 126.96 10.08 99 279 4.17 0.989
BTD30U11 66.14 127.42 69.66 133.30 14.74 29 224 4.17 0.878
BTD30U15 62.69 161.89 51.78 125.08 13.99 14 977 5.48 0.952
PTD10U1 70.72 192.97 41.77 179.89 31.37 502 2196 6.18 0.975
PTD10U2 86.64 170.88 46.92 176.01 42.78 585 1478 10.21 0.916
PTD10U3 79.67 175.79 41.38 230.32 37.17 583 1263 13.52 0.927
PTD20U1 96.97 227.88 79.70 326.21 23.64 536 2906 5.51 0.940
PTD20U2 98.11 257.74 73.22 436.00 20.61 668 2487 5.34 0.939
PTD20U3 104.45 241.36 79.61 265.83 26.99 656 2693 6.63 0.869
PTD30U1 138.89 365.27 121.29 496.09 21.96 2392 4781 13.08 0.965
PTD30U2 162.03 315.86 93.89 299.44 17.42 830 4727 17.00 0.784
PTD40U1 190.53 428.44 147.70 524.62 19.97 1460 6408 9.10 0.831
PTD40U2 164.52 409.57 123.18 505.30 16.89 2400 9232 4.34 0.967
PTD40U3 180.71 501.13 112.88 406.14 14.40 1450 7801 12.50 0.781
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Table A.2: Detailed results of the linear cutting experiments for the 1st group of data and variogram analysis for cutting force data 
Stone File d(mm) FN Ave.FN F'N Ave.F'N FC Ave.FC F'C Ave.F'C SE Ave.SE CI nugget Average sill Average range Ave.Range r^2
Name Name (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (MJ/m^3) (%) Co Nugget Co+C sill Ao (mm) Ao(mm)
BBD10U1 192.62 342.29 50.36 245.14 33.84 1002 3828 6.20 0.837
BBD10U2 194.91 307.68 55.21 271.57 42.98 1200 4403 6.18 0.525
BBD10U3 199.72 334.47 50.07 212.60 46.07 1123 3989 6.29 0.774
BBD10U4 188.44 363.52 53.39 225.38 44.47 1229 4262 4.80 0.971
BBD20U1 266.86 484.39 94.77 307.35 38.49 1100 4593 0.96 0.944
BBD20U2 282.65 443.20 100.70 334.17 42.37 1670 6828 0.97 0.901
BBD20U3 285.44 489.15 94.98 346.43 39.64 1400 5069 2.30 0.839
BBD30U1 370.61 723.74 138.57 554.34 32.62 3130 11600 1.67 0.920
BBD30U2 321.99 714.94 120.94 507.44 25.94 2650 9510 1.58 0.871
BTD10U1 32.20 111.09 25.91 82.86 17.52 99 381 2.04 0.910
BTD10U2 30.42 108.69 21.77 96.08 16.75 174 556 3.66 0.793
BTD20U1 28.92 105.90 42.02 129.25 14.41 358 716 3.37 0.884
BTD20U2 44.38 142.92 54.22 186.41 17.84 388 1014 1.31 0.843
BTD30U1 22.56 126.62 44.50 161.88 9.58 413 1062 4.16 0.937
BTD30U3 16.11 55.31 44.41 126.96 10.08 182 661 2.86 0.924
BTD30U11 66.14 127.42 69.66 133.30 14.74 54 299 1.86 0.767
BTD30U15 62.69 161.89 51.78 125.08 13.99 199 594 7.06 0.939
PTD10U1 70.72 192.97 41.77 179.89 31.37 712 2468 1.60 0.913
PTD10U2 86.64 170.88 46.92 176.01 42.78 642 2354 2.36 0.906
PTD10U3 79.67 175.79 41.38 230.32 37.17 rejected rejected rejected rejected
PTD20U1 96.97 227.88 79.70 326.21 23.64 1150 4615 2.18 0.852
PTD20U2 98.11 257.74 73.22 436.00 20.61 1410 4919 3.86 0.914
PTD20U3 104.45 241.36 79.61 265.83 26.99 1009 3879 3.28 0.843
PTD30U1 138.89 365.27 121.29 496.09 21.96 2120 8679 3.10 0.902
PTD30U2 162.03 315.86 93.89 299.44 17.42 1160 4386 4.37 0.898
PTD40U1 190.53 428.44 147.70 524.62 19.97 2540 10040 5.51 0.736
PTD40U2 164.52 409.57 123.18 505.30 16.89 3630 13640 3.46 0.769
PTD40U3 180.71 501.13 112.88 406.14 14.40 2220 8189 2.65 0.966
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APPENDIX B  
Detailed results of the linear rock cutting experiments for the 2nd group of data and 
variogram analysis for normal and cutting forces 
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Table B.1: Detailed results of the linear rock cutting experiments for the 2nd group of data and variogram analysis for normal force data 
Stone File d(mm) Sideways FN Ave.FN F'N Ave.F'N FC Ave.FC F'C Ave.F'C SE Ave.SE CI nugget Average sill Average range Ave.Range r^ 2
Name Name Angle (°) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (MJ/m^3) (%) Co Nugget Co+C sill Ao (mm) Ao(mm)
BBD30U1 370.61 723.74 138.57 554.34 32.62 4140 8281 7.50 0.920
BBD30U2 321.99 714.94 120.94 507.44 25.94 1410 10320 9.99 0.762
BBD315U4 158.47 331.69 84.60 280.05 41.86 584 2305 3.58 0.874
BBD315U5 169.80 346.59 87.68 336.02 44.99 577 2405 3.13 0.849
BBD330U1 125.34 388.57 82.54 293.58 37.98 898 3827 6.61 0.872
BBD330U2 136.03 289.70 84.34 322.79 44.80 736 2921 5.60 0.919
BBD330U3 136.71 290.32 77.59 306.19 38.69 484 1837 5.19 0.800
BBD345U1 125.03 266.43 67.81 306.80 35.19 572 2294 2.72 0.863
BBD345U2 128.30 295.82 58.73 376.01 38.44 691 2772 3.25 0.832
BBD345U3 139.54 314.65 67.44 296.90 40.03 693 2764 3.21 0.808
BBD345U4 151.74 281.01 75.75 254.00 44.93 648 2576 1.38 0.951
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Table B.2: Detailed results of the linear rock cutting experiments for the 2nd group of data and variogram analysis for cutting force data 
Stone File d(mm) Sideways FN Ave.FN F'N Ave.F'N FC Ave.FC F'C Ave.F'C SE Ave.SE CI nugget Average sill Average range Ave.Range r^2
Name Name Angle (°) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (MJ/m^3) (%) Co Nugget Co+C sill Ao (mm) Ao(mm)
BBD30U1 370.61 723.74 138.57 554.34 32.62 3130 11600 1.67 0.912
BBD30U2 321.99 714.94 120.94 507.44 25.94 2650 9510 1.58 0.986
BBD315U4 158.47 331.69 84.601 280.05 41.86 584 3333 3.40 0.874
BBD315U5 169.8 346.59 87.681 336.02 44.99 577 4125 2.93 0.849
BBD330U1 125.34 388.57 82.542 293.58 37.98 1200 4767 4.25 0.875
BBD330U2 136.03 289.7 84.34 322.79 44.80 1010 4425 4.46 0.835
BBD330U3 136.71 290.32 77.592 306.19 38.69 1062 3863 5.84 0.807
BBD345U1 125.03 266.43 67.806 306.80 35.19 929 3760 1.74 0.747
BBD345U2 128.3 295.82 58.732 376.01 38.44 873 3575 1.45 0.768
BBD345U3 139.54 314.65 67.44 296.90 40.03 1018 3838 2.24 0.769
BBD345U4 151.74 281.01 75.747 254.00 44.93 1070 4287 1.35 0.944
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APPENDIX C 
Detailed results of the linear rock cutting experiments for the 3rd group of data and 
variogram analysis for normal and cutting forces 
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Table C.1: Detailed results of the linear rock cutting experiments for the 3rd group of data and variogram analysis for normal force data 
Stone File s S/d FN Ave.FN F'N Ave.F'N FC Ave.FC F'C Ave.F'C SEopt Ave.SEopt CIopt nugget Average sill Average range
Name Name (mm) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (MJ/m^3) (%) Co Nugget Co+C sill Ao (mm)
BB345S91 120.11 252.60 71.43 315.71 32.14 288 1286 3.19
BB345S92 103.67 266.53 59.78 303.10 22.54 463 2018 3.31
BB345S93 120.62 294.27 66.30 312.09 28.11 653 2585 3.96
BT345S31 7.55 44.53 11.98 57.85 12.31 28 116 1.43
BT345S32 7.26 56.37 11.41 91.68 11.85 20 96 1.20
BT345S33 5.25 43.68 11.27 56.56 11.41 19 75 1.71
PT345S71 38.85 154.91 32.25 217.97 18.80 599 1199 5.49
PT345S72 32.77 162.24 31.87 177.51 16.74 430 860 4.72
PT345S73 38.81 142.63 35.79 208.03 19.07 528 1057 3.84
TB345S71 64.22 150.94 61.22 305.35 27.60 238 1052 3.95
TB345S72 67.78 149.02 62.81 317.10 27.43 430 860 4.72
TB345S73 65.56 157.18 64.66 244.04 26.61 528 1057 3.84
OP345S51 46.77 147.59 38.63 139.87 26.14 373 941 4.57
OP345S52 48.91 201.28 37.70 156.92 24.25 424 889 4.48
OP345S53 39.71 149.60 30.29 134.52 18.08 179 820 4.00
OP345S54 46.45 140.42 35.78 167.87 23.89 219 961 4.20
Biege Marble (BB) 114.80 271.13 65.84 310.30 46867227.60 1963
Travertine (B) (BT) 96
201.17 18.20 519 1039Travertine (P) (PT) 36.81 153.26 33.312.33
White Marble (TB) 990
Overburden (P) (OP) 45.46 159.72
648
65.86 152.38 62.90 288.83 27.21
1.00
3.00
7
903
9
3
7
5 1.67
2.33
6.68 48.19 11.55
29935.60 149.79 23.09 614
559 399
68.70 11.86 512 22
 
Table C.2: Detailed results of the linear rock cutting experiments for the 3rd group of data and variogram analysis for cutting force data 
Stone File s S/d FN Ave.FN F'N Ave.F'N FC Ave.FC F'C Ave.F'C SEopt Ave.SEopt CIopt nugget Average sill Average range
Name Name (mm) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (MJ/m^3) (MJ/m^3) (%) Co Nugget Co+C sill Ao (mm)
BB345S91 120.11 252.60 71.43 315.71 32.14 745 3563 1.90
BB345S92 103.67 266.53 59.78 303.10 22.54 580 2446 1.67
BB345S93 120.62 294.27 66.30 312.09 28.11 1226 4352 1.35
BT345S31 7.55 44.53 11.98 57.85 12.31 38 187 2.75
BT345S32 7.26 56.37 11.41 91.68 11.85 37 139 3.08
BT345S33 5.25 43.68 11.27 56.56 11.41 27 145.1 3.21
PT345S71 38.85 154.91 32.25 217.97 18.80 708 2636 2.45
PT345S72 32.77 162.24 31.87 177.51 16.74 556 2216 2.05
PT345S73 38.81 142.63 35.79 208.03 19.07 695 2571 3.24
TB345S71 64.22 150.94 61.22 305.35 27.60 1182 4333 2.30
TB345S72 67.78 149.02 62.81 317.10 27.43 931 3377 2.15
TB345S73 65.56 157.18 64.66 244.04 26.61 979 3625 2.22
OP345S51 46.77 147.59 38.63 139.87 26.14 318 1146 2.11
OP345S52 48.91 201.28 37.70 156.92 24.25 357 1048 2.30
OP345S53 39.71 149.60 30.29 134.52 18.08 206 931 2.70
OP345S54 46.45 140.42 35.78 167.87 23.89 281 1055 2.19
159.72 35.60 149.79Overburden (P) (OP) 5 1.67 45.46
559 1031 3778White Marble (TB) 7 2.33 65.86 152.38 62.90 288.83 27.21
648 653 2474
11.86
Travertine (P) (PT) 7 2.33 36.81 153.26 33.31 201.17 18.20
1576.68 48.19 11.55 68.70Travertine (B) (BT) 3 1.00
Biege Marble (BB) 9 3.00
512 34
27.60 672 850 3454114.80 271.13 65.84 310.30
23.09 614 291 1045
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APPENDIX D 
Detailed results of summary statistics, untransformed histogram and variogram plots 
for the 1st group of data  
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Table D.1: Summary statistics of BBD10U1 cutting force data 
 
 
 
 
Figure D.1: Variogram of BBD10U1 cutting force data (1st Group data). 
 
 
 
 
Table D.2: Summary statistics of BBD10U2 cutting force data 
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Figure D.2: Variogram of BBD10U2 cutting force data (1st Group data). 
 
 
 
Table D.3: Summary statistics of BBD10U3 cutting force data 
 
 
 
 
 
Figure D.3: Variogram of BBD10U3 cutting force data (1st Group data). 
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Table D.4: Summary statistics of BBD10U4 cutting force data 
 
 
 
 
 
 
 
Figure D.4: Variogram of BBD10U4 cutting force data (1st Group data). 
 
 
 
Table D.5: Summary statistics of BBD10U1 normal force data 
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Figure D.5: Variogram of BBD10U1 normal force data(1st Group data). 
 
 
Table D.6: Summary statistics of BBD10U2 normal force data 
  
 
 
 
Figure D.6: Variogram of BBD10U2 normal force data (1st Group data). 
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Table D.7: Summary statistics of BBD10U3 normal force data 
 
 
 
 
 
Figure D.7: Variogram of BBD10U3 normal force data (1st Group data). 
 
 
 
Table D.8: Summary statistics of BBD10U4 normal force data 
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Figure D.8: Variogram of BBD10U4 normal force data (1st Group data). 
 
 
 
 
Table D.9: Summary statistics of BBD20U1 cutting force data 
 
 
Figure D.9: Variogram of BBD20U1 cutting force data (1st Group data). 
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Table D.10: Summary statistics of BBD20U2 cutting force data 
 
 
 
 
Figure D.10: Variogram of BBD20U2 cutting force data (1st Group data). 
 
 
Table D.11: Summary statistics of BBD20U3 cutting force data 
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Figure D.11: Variogram of BBD20U3 cutting force data (1st Group data). 
 
 
 
Table D.12: Summary statistics of BBD20U1 normal force data 
 
 
 
 
Figure D.12:  Variogram of BBD20U1 normal force data (1st Group data). 
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Table D.13: Summary statistics of BBD20U2 normal force data 
 
 
 
 
 
 
Figure D.13: Variogram of BBD20U2 normal force data (1st Group data). 
 
 
Table D.14: Summary statistics of BBD20U3 normal force data 
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Figure D.14: Variogram of BBD20U3 normal force data (1st Group data). 
 
 
 
Table D.15: Summary statistics of BBD30U1 cutting force data 
 
 
Figure D.15: Variogram of BBD30U1 cutting force data (1st Group data). 
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Table D.16: Summary statistics of BBD30U2 cutting force data 
 
 
 
 
Figure D.16: Variogram of BBD30U2 cutting force data (1st Group data). 
 
 
Table D.17: Summary statistics of BBD30U1 normal force data 
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Figure D.17: Variogram of BBD30U1 normal force data (1st Group data). 
 
 
 
 
Table D.18: Summary statistics of BBD30U2 normal force data 
 
 
Figure D.18: Variogram of BBD30U2 normal force data (1st Group data). 
 
 
 
 95
Table D.19: Summary statistics of BTD10U1 cutting force data 
 
 
 
 
Figure D.19: Variogram of BTD10U1 cutting force data (1st Group data). 
 
 
Table D.20: Summary statistics of BTD10U2 cutting force data 
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Figure D.20: Variogram of BTD10U2 cutting force data (1st Group data). 
 
 
 
Table D.21: Summary statistics of BTD10U1 normal force data 
 
 
 
 
Figure D.21: Variogram of BTD10U1 normal force data (1st Group data). 
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Table D.22: Summary statistics of BTD10U2 normal force data 
 
 
 
 
 
Figure D.22: Variogram of BTD10U2 normal force data (1st Group data). 
 
 
 
Table D.23: Summary statistics of BTD20U1 cutting force data 
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Figure D.23: Variogram of BTD20U2 cutting force data (1st Group data). 
 
 
 
 
Table D.24: Summary statistics of BTD20U2 cutting force data 
 
 
 
 
Figure D.24: Variogram of BTD20U2 cutting force data (1st Group data). 
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Table D.25: Summary statistics of BTD20U1 normal force data 
 
 
 
 
Figure D.25: Variogram of BTD20U1 normal force data (1st Group data). 
 
 
 
Table D.26: Summary statistics of BTD20U2 normal force data 
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Figure D.26: Variogram of BTD20U2 normal force data (1st Group data). 
 
 
 
 
Table D.27: Summary statistics of BTD30U1 cutting force data 
 
 
Figure D.27: Variogram of BTD30U1 cutting force data (1st Group data). 
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Table D.28: Summary statistics of BTD30U11 cutting force data 
 
 
 
 
Figure D.28: Variogram of BTD30U11 cutting force data (1st Group data). 
 
 
 
 
Table D.29: Summary statistics of BTD30U15 cutting force data 
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Figure D.29: Variogram of BTD30U15 cutting force data (1st Group data). 
 
 
 
 
Table D.30: Summary statistics of BTD30U3 cutting force data 
 
 
Figure D.30: Variogram of BTD30U3 cutting force data (1st Group data). 
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Table D.31: Summary statistics of BTD30U1 normal force data 
 
 
 
 
 
Figure D.31:  Variogram of BTD30U1 normal force data (1st Group data). 
 
 
 
Table D.32: Summary statistics of BTD30U11 normal force data 
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Figure D.32: Variogram of BTD30U11 normal force data (1st Group data). 
 
 
 
Table D.33: Summary statistics of BTD30U15 normal force data 
 
 
 
 
Figure D.33: Variogram of BTD30U15 normal force data (1st Group data). 
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Table D.34: Summary statistics of BTD30U3 normal force data 
 
 
 
 
 
Figure D.34: Variogram of BTD30U3 normal force data (1st Group data). 
 
 
Table D.35: Summary statistics of PTD10U1 cutting force data 
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Figure D.35: Variogram of PTD10U1 cutting force data (1st Group data). 
 
 
 
 
Table D.36: Summary statistics of PTD10U2 cutting force data 
 
 
Figure D.36: Variogram of PTD10U2 cutting force data (1st Group data). 
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Table D.37: Summary statistics of PTD10U3 Cutting force data 
 
 
 
 
 
Figure D.37: Variogram of PTD10U3 cutting force data (1st Group data). 
 
 
Table D.38: Summary statistics of PTD10U1 normal force data 
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Figure D.38:  Variogram of PTD10U1 normal force data (1st Group data). 
 
 
Table D.39: Summary statistics of PTD10U2 normal force data 
 
 
 
 
 
Figure D.39:  Variogram of PTD10U2 normal force data (1st Group data). 
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Table D.40: Summary statistics of PTD10U3 normal force data 
 
 
Figure D.40: Variogram of PTD10U3 normal force data (1st Group data). 
 
 
 
Table D.41: Summary statistics of PTD20U1 cutting force data 
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Figure D.41: Variogram of PTD20U1 cutting force data (1st Group data). 
 
 
Table D.42: Summary statistics of PTD20U2 cutting force data 
 
 
 
 
 
Figure D.42: Variogram of PTD20U2 cutting force data (1st Group data). 
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Table D.43: Summary statistics of PTD20U3 cutting force data 
 
 
 
 
 
Figure D.43: Variogram of PTD20U3 cutting force data (1st Group data). 
 
 
 
Table D.44: Summary statistics of PTD20U1 normal force data 
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Figure D.44: Variogram of PTD20U1 normal force data (1st Group data). 
 
 
Table D.45: Summary statistics of PTD20U2 normal force data 
 
 
 
 
 
Figure D.45: Variogram of PTD20U2 normal force data (1st Group data). 
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Table D.46: Summary statistics of PTD20U3 normal force data 
 
 
Figure D.46: Variogram of PTD20U3 normal force data (1st Group data). 
 
 
 
Table D.47: Summary statistics of PTD30U1 cutting force data 
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Figure D.47: Variogram of PTD30U1 cutting force data (1st Group data). 
 
 
Table D.48: Summary statistics of PTD30U2 cutting force data 
 
 
 
 
 
Figure D.48: Variogram of PTD30U2 cutting force data (1st Group data). 
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Table D.49: Summary statistics of PTD30U1 normal force data 
 
 
Figure D.49:  Variogram of PTD30U1 normal force data (1st Group data). 
 
 
 
 
Table D.50: Summary statistics of PTD30U2 normal force data 
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Figure D.50: Variogram of PTD30U2 normal force data (1st Group data). 
 
 
Table D.51: Summary statistics of PTD40U1 cutting force data 
 
 
 
 
 
Figure D.51:  Variogram of PTD40U1 cutting force data (1st Group data). 
 
 
 117
Table D.52: Summary statistics of PTD40U2 cutting force data 
 
 
Figure D.52: Variogram of PTD40U2 cutting force data (1st Group data). 
 
 
 
Table D.53: Summary statistics of PTD40U3 cutting force data 
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Figure D.53:  Variogram of PTD40U3 cutting force data (1st Group data). 
 
 
Table D.54: Summary statistics of PTD40U1 normal force data 
 
 
 
 
Figure D.54: Variogram of PTD40U1 normal force data (1st Group data). 
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Table D.55: Summary statistics of PTD40U2 normal force data 
 
 
Figure D.55: Variogram of PTD40U2 normal force data (1st Group data). 
 
 
 
Table D.56: Summary statistics of PTD40U3 normal force data 
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Figure D.56:  Variogram of PTD40U3 normal force data (1st Group data). 
 
 
 
Table D.57: Summary statistics of TBD10U3 cutting force data 
 
 
 
 
 
Figure D.57: Variogram of TBD10U3 cutting force data (1st Group data). 
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Table D.58: Summary statistics of TBD10U4 cutting force data 
 
 
 
 
Figure D.58: Variogram of TBD10U4 cutting force data (1st Group data). 
 
 
 
Table D.59: Summary statistics of TBD10U3 normal force data 
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Figure D.59:  Variogram of TBD10U3 normal force data (1st Group data). 
 
 
 
Table D.60: Summary statistics of TBD10U4 normal force data 
 
 
 
 
 
Figure D.60: Variogram of TBD10U4 normal force data (1st Group data). 
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Table D.61: Summary statistics of TBD20U2 cutting force data 
 
 
 
 
Figure D.61: Variogram of TBD20U2 cutting force data (1st Group data). 
 
 
 
Table D.62: Summary statistics of TBD20U3 cutting force data 
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Figure D.62:  Variogram of TBD20U3 cutting force data (1st Group data). 
 
 
Table D.63: Summary statistics of TBD20U2 normal force data 
 
 
 
 
Figure D.63: Variogram of TBD20U2 normal force data (1st Group data). 
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Table D.64: Summary statistics of TBD20U3 normal force data 
 
 
 
 
Figure D.64: Variogram of TBD20U3 normal force data (1st Group data). 
 
 
 
Table D.65: Summary statistics of TBD30U1 cutting force data 
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Figure D.65: Variogram of TBD30U1 cutting force data (1st Group data). 
 
 
Table D.66: Summary statistics of TBD30U2 cutting force data 
 
 
 
 
 
Figure D.66: Variogram of TBD30U2 cutting force data (1st Group data). 
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Table D.67: Summary statistics of TBD30U3 cutting force data 
 
 
Figure D.67: Variogram of TBD30U3 cutting force data (1st Group data). 
 
 
 
Table D.68: Summary statistics of TBD30U1 normal force data 
 
 
 
 
 128
 
Figure D.68: Variogram of TBD30U1 normal force data (1st Group data). 
 
 
Table D.69: Summary statistics of TBD30U2 normal force data 
 
 
 
 
 
Figure D.69: Variogram of TBD30U2 normal force data (1st Group data). 
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Table D.70: Summary statistics of TBD30U3 normal force data 
 
 
 
 
Figure D.70: Variogram of TBD30U3 normal force data (1st Group data). 
 
 
 
Table D.71: Summary statistics of OPD10U1 cutting force data 
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Figure D.71: Variogram of OPD10U1 cutting force data (1st Group data). 
 
 
Table D.72: Summary statistics of OPD10U2 cutting force data 
 
 
 
 
 
Figure D.72: Variogram of OPD10U2 cutting force data (1st Group data). 
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Table D.73: Summary statistics of OPD10U3 cutting force data 
 
 
Figure D.73: Variogram of OPD10U3 cutting force data (1st Group data). 
 
 
 
Table D.74: Summary statistics of OPD10U4 cutting force data 
 
 
 
 
 132
 
Figure D.74: Variogram of OPD10U4 cutting force data (1st Group data). 
 
 
 
Table D.75: Summary statistics of OPD10U5 cutting force data 
 
 
 
 
 
Figure D.75: Variogram of OPD10U5 cutting force data (1st Group data). 
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Table D.76: Summary statistics of OPD10U1 normal force data 
 
 
Figure D.76: Variogram of OPD10U1 normal force data (1st Group data). 
 
 
 
Table D.77: Summary statistics of OPD10U2 normal force data 
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Figure D.77: Variogram of OPD10U2 normal force data (1st Group data). 
 
 
 
Table D.78: Summary statistics of OPD10U3 normal force data 
 
 
 
 
 
Figure D.78: Variogram of OPD10U3 normal force data (1st Group data). 
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Table D.79: Summary statistics of OPD10U4 normal force data 
 
 
 
 
Figure D.79: Variogram of OPD10U4 normal force data (1st Group data). 
 
 
 
Table D.80: Summary statistics of OPD10U5 normal force data 
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Figure D.80: Variogram of OPD10U5 normal force data (1st Group data). 
 
 
 
Table D.81: Summary statistics of OPD20U1 cutting force data 
 
 
 
 
 
Figure D.81:  Variogram of OPD20U1 cutting force data (1st Group data). 
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Table D.82: Summary statistics of OPD20U2 cutting force data 
 
 
 
 
 
Figure D.82: Variogram of OPD20U2 cutting force data (1st Group data). 
 
 
 
Table D.83: Summary statistics of OPD20U3 cutting force data 
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Figure D.83: Variogram of OPD20U3 cutting force data (1st Group data). 
 
 
Table D.84: Summary statistics of OPD20U4 cutting force data 
 
 
 
 
 
Figure D.84: Variogram of OPD20U4 cutting force data (1st Group data). 
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Table D.85: Summary statistics of OPD20U5 cutting force data 
 
 
 
 
Figure D.85: Variogram of OPD20U5 cutting force data (1st Group data). 
 
 
 
 
Table D.86: Summary statistics of OPD20U1 normal force data 
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Figure D.86: Variogram of OPD20U1 normal force data (1st Group data). 
 
 
Table D.87: Summary statistics of OPD20U2 normal force data 
 
 
 
 
 
Figure D.87: Variogram of OPD20U2 normal force data (1st Group data). 
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Table D.88: Summary statistics of OPD20U3 normal force data 
 
 
Figure D.88: Variogram of OPD20U3 normal force data (1st Group data). 
 
 
 
Table D.89: Summary statistics of OPD20U4 normal force data 
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Figure D.89: Variogram of OPD20U4 normal force data (1st Group data). 
 
 
Table D.90: Summary statistics of OPD20U5 normal force data 
 
 
 
 
 
Figure D.90: Variogram of OPD20U5 normal force data (1st Group data). 
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Table D.91: Summary statistics of OPD30U1 cutting force data 
 
 
 
 
Figure D.91: Variogram of OPD30U1 cutting force data (1st Group data). 
 
 
 
Table D.92: Summary statistics of OPD30U2 cutting force data 
 
 
 
 144
 
Figure D.92: Variogram of OPD30U2 cutting force data (1st Group data). 
 
 
Table D.93: Summary statistics of OPD30U3 cutting force data 
 
 
 
 
 
Figure D.93: Variogram of OPD30U3 cutting force data (1st Group data). 
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Table D.94: Summary statistics of OPD30U4 cutting force data 
 
 
 
 
Figure D.94:  Variogram of OPD30U4 cutting force data (1st Group data). 
 
 
 
Table D.95: Summary statistics of OPD30U1 normal force data 
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Figure D.95: Variogram of OPD30U1 normal force data (1st Group data). 
 
 
Table D.96: Summary statistics of OPD30U2 normal force data 
 
 
 
 
 
Figure D.96: Variogram of OPD30U2 normal force data (1st Group data). 
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Table D.97: Summary statistics of OPD30U3 normal force data 
 
 
 
 
Figure D.97: Variogram of OPD30U3 normal force data (1st Group data). 
 
 
 
Table D.98: Summary statistics of OPD30U4 normal force data 
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Figure D.98: Variogram of OPD30U4 normal force data (1st Group data). 
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APPENDIX E 
Detailed results of summary statistics, untransformed histogram and variogram plots 
for the 2nd group of data 
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Table E.1: Summary statistics of BBD315U4 cutting force data 
 
 
 
 
 
Figure E1: Variogram of BBD315U4 cutting force data (2nd Group data). 
 
 
Table E.2: Summary statistics of BBD315U5 cutting force data 
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Figure E.2: Variogram of BBD315U5 cutting force data (2nd Group data). 
 
 
 
Table E.3: Summary statistics of BBD315U4 normal force data 
 
 
 
 
 
Figure E.3:  Variogram of BBD315U4 normal force data (2nd Group data). 
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Table E.4: Summary statistics of BBD315U5 normal force data 
 
 
 
 
Figure E.4: Variogram of BBD315U5 normal force data (2nd Group data). 
 
 
 
Table E.5: Summary statistics of BBD330U1 cutting force data 
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Figure E.5: Variogram of BBD330U1 cutting force data (2nd Group data). 
 
 
 
Table E.6: Summary statistics of BBD330U2 cutting force data 
 
 
 
 
 
Figure E.6: Variogram of BBD330U2 cutting force data (2nd Group data). 
 155
Table E.7: Summary statistics of BBD330U3 cutting force data 
 
 
 
 
 
Figure E.7: Variogram of BBD330U3 cutting force data (2nd Group data). 
 
 
 
Table E.8: Summary statistics of BBD330U1 normal force data 
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Figure E.8: Variogram of BBD330U1 normal force data (2nd Group data). 
 
 
 
Table E.9: Summary statistics of BBD330U2 normal force data 
 
 
 
 
 
Figure E.9: Variogram of BBD330U2 normal force data (2nd Group data). 
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Table E.10: Summary statistics of BBD330U3 normal force data 
 
 
 
 
 
Figure E.10: Variogram of BBD330U2 normal force data (2nd Group data). 
 
 
 
Table E.11: Summary statistics of BBD345U1 cutting force data 
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Figure E.11: Variogram of BBD345U1 cutting force data (2nd Group data). 
 
 
 
Table E.12: Summary statistics of BBD345U2 cutting force data 
 
 
 
 
 
Figure E.12: Variogram of BBD345U2 cutting force data (2nd Group data). 
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Table E.13: Summary statistics of BBD345U3 cutting force data 
 
 
 
 
 
Figure E.13: Variogram of BBD345U3 cutting force data (2nd Group data). 
 
 
 
Table E.14: Summary statistics of BBD345U4 cutting force data 
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Figure E.14: Variogram of BBD345U4 cutting force data (2nd Group data). 
 
 
 
Table E.15: Summary statistics of BBD345U1 normal force data 
 
 
 
 
Figure E.15: Variogram of BBD345U1 normal force data (2nd Group data). 
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Table E.16: Summary statistics of BBD345U2 normal force data 
 
 
 
 
Figure E.16: Variogram of BBD345U2 normal force data (2nd Group data). 
 
 
 
Table E.17: Summary statistics of BBD345U3 normal force data 
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Figure E.17: Variogram of BBD345U3 normal force data (2nd Group data). 
 
 
 
Table E.18: Summary statistics of BBD345U4 normal force data 
 
 
 
 
 
Figure E.18: Variogram of BBD345U4 normal force data (2nd Group data). 
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APPENDIX F 
Detailed results of summary statistics, untransformed histogram and variogram plots 
for the 3rd group of data. 
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Table F.1: Summary statistics of BB345S91 cutting force data 
 
 
 
 
 
Figure F.1: Variogram of BB345S91 cutting force data (3rd Group data). 
 
 
 
Table F.2: Summary statistics of BB345S92 cutting force data 
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Figure F.2: Variogram of BB345S92 cutting force data (3rd Group data). 
 
 
 
Table F.3: Summary statistics of BB345S93 cutting force data 
 
 
 
 
 
Figure F.3: Variogram of BB345S93 cutting force data (3rd Group data). 
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Table F.4: Summary statistics of BB345S91 normal force data 
 
 
 
 
 
Figure F.4: Variogram of BB345S91 normal force data (3rd Group data). 
 
 
 
Table F.5: Summary statistics of BB345S92 normal force data 
 
 168
 
Figure F.5: Variogram of BB345S92 normal force data (3rd Group data). 
 
 
 
Table F.6: Summary statistics of BB345S93 normal force data 
 
 
 
 
Figure F.6: Variogram of BB345S93 normal force data (3rd Group data). 
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Table F.7: Summary statistics of BT345S31 cutting force data 
 
 
 
 
Figure F.7: Variogram of BT345S31 cutting force data (3rd Group data). 
 
 
Table F.8: Summary statistics of BT345S32 cutting force data 
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Figure F.8: Variogram of BT345S31 cutting force data (3rd Group data). 
 
 
 
Table F.9: Summary statistics of BT345S33 cutting force data 
 
 
 
 
 
Figure F.9: Variogram of BT345S33 cutting force data (3rd Group data). 
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Table F.10: Summary statistics of BT345S31 normal force data 
 
 
 
 
 
Figure F.10: Variogram of BT345S31 normal force data (3rd Group data). 
 
 
 
Table F.11: Summary statistics of BT345S32 normal force data 
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Figure F.11: Variogram of BT345S32 normal force data (3rd Group data). 
 
 
 
Table F.12: Summary statistics of BT345S33 normal force data 
 
 
 
 
 
Figure F.12: Variogram of BT345S33 normal force data (3rd Group data). 
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Table F.13: Summary statistics of PT345S71 cutting force data 
 
 
 
 
 
Figure F.13: Variogram of PT345S71 cutting force data (3rd Group data). 
 
 
 
Table F.14: Summary statistics of PT345S72 cutting force data 
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Figure F.14: Variogram of PT345S72 cutting force data (3rd Group data). 
 
 
 
Table F.15: Summary statistics of PT345S73 cutting force data 
 
 
 
 
 
Figure F.15: Variogram of PT345S73 cutting force data (3rd Group data). 
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Table F.16: Summary statistics of PT345S71 normal force data 
 
 
 
 
 
Figure F.16: Variogram of PT345S71 normal force data (3rd Group data). 
 
 
 
Table F.17: Summary statistics of PT345S72 normal force data 
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Figure F.17: Variogram of PT345S72 normal force data (3rd Group data). 
 
 
 
Table F.18: Summary statistics of PT345S73 normal force data 
 
 
 
 
 
Figure F.18: Variogram of PT345S73 normal force data (3rd Group data). 
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Table F.19: Summary statistics of TB345S71 cutting force data 
 
 
 
 
 
Figure F.19: Variogram of TB345S71 cutting force data (3rd Group data). 
 
 
 
Table F.20: Summary statistics of TB345S72 cutting force data 
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Figure F.20: Variogram of TB345S72 cutting force data (3rd Group data). 
 
 
 
Table F.21: Summary statistics of TB345S73 cutting force data 
 
 
 
 
 
Figure F.21: Variogram of TB345S73 cutting force data (3rd Group data). 
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Table F.22: Summary statistics of TB345S71 normal force data 
 
 
 
 
 
Figure F.22: Variogram of TB345S71 normal force data (3rd Group data). 
 
 
 
Table F.23: Summary statistics of TB345S72 normal force data 
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Figure F.23: Variogram of TB345S72 normal force data (3rd Group data). 
 
 
 
Table F.24: Summary statistics of TB345S73 normal force data 
 
 
 
 
 
Figure F.24: Variogram of TB345S73 normal force data (3rd Group data). 
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Table F.25: Summary statistics of OP345S51 cutting force data 
 
 
 
 
 
Figure F.25: Variogram of OP345S51 cutting force data (3rd Group data). 
 
 
 
Table F.26: Summary statistics of OP345S52 cutting force data 
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Figure F.26: Variogram of OP345S52 cutting force data (3rd Group data). 
 
 
 
Table F.27: Summary statistics of OP345S53 cutting force data 
 
 
 
 
 
Figure F.27: Variogram of OP345S53 cutting force data (3rd Group data). 
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Table F.28: Summary statistics of OP345S54 cutting force data 
 
 
 
 
 
Figure F.28: Variogram of OP345S54 cutting force data (3rd Group data). 
 
 
 
Table F.29: Summary statistics of OP345S51 normal force data 
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Figure F.29: Variogram of OP345S51 normal force data (3rd Group data). 
 
 
 
Table F.30: Summary statistics of OP345S52 normal force data 
 
 
 
 
 
Figure F.30: Variogram of OP345S52 normal force data (3rd Group data). 
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Table F.31: Summary statistics of OP345S53 normal force data 
 
 
 
 
 
Figure F.31: Variogram of OP345S53 normal force data (3rd Group data). 
 
 
 
Table F.32: Summary statistics of OP345S54 normal force data 
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Figure F.32: Variogram of OP345S54 normal force data (3rd Group data). 
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APPENDIX G 
Detailed plots of relationships between variogram parameters and cutting 
performance in relived mode (at 3 mm depth of cut, 45o tool and optimum (s/d) ratio) 
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Figure G.1 : Relationship between range and optimum specific eneregy for 
normal force data (the 3rd Group data). 
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Figure G.2 : Relationship between range and optimum specific energy for 
cutting force data (the 3rd Group data). 
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Figure G.3 : Relationship between range and average normal force for normal 
force data (the 3rd Group data). 
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Figure G.4 : Relationship between range and average normal force for cutting 
force data (the 3rd Group data). 
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Figure G.5 : Relationship between range and average peak normal force for 
normal force data (the 3rd Group data). 
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Figure G.6 : Relationship between range and average peak normal force for 
cutting force data (the 3rd Group data). 
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Figure G.7 : Relationship between range and average cutting force for normal 
force data (the 3rd Group data). 
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Figure G.8 : Relationship between range and average cutting force for cutting 
force data (the 3rd Group data). 
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Figure G.9 : Relationship between range and average peak cutting force for 
normal force data (the 3rd Group data). 
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Figure G.10 : Relationship between range and average peak cutting force for 
cutting force data (the 3rd Group data). 
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Figure G.11 : Relationship between sill and average normal force for normal 
force data (the 3rd Group data). 
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Figure G.12 : Relationship between sill and average normal force for cutting 
force data (the 3rd Group data). 
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Figure G.13 : Relationship between sill and average peak normal force for 
normal force data (the 3rd Group data). 
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Figure G.14 : Relationship between sill and average peak normal force for 
cutting force data (the 3rd Group data). 
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Figure G.15 : Relationship between sill and optimum specific energy for normal 
force data (the 3rd Group data). 
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Figure G.16 : Relationship between sill and optimum specific energy for cutting 
force data (the 3rd Group data). 
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Figure G.17 : Relationship between sill and average cutting force for normal 
force data (the 3rd Group data). 
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Figure G.18 : Relationship between sill and average cutting force for cutting 
force data (the 3rd Group data). 
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Figure G.19 : Relationship between sill and average peak cutting force for 
normal force data (the 3rd Group data). 
y = 6.6359x0.4553
R2 = 0.9707
0
50
100
150
200
250
300
350
0 500 1000 1500 2000 2500 3000 3500 4000
Sill
F'
C
  (
kg
f)
   
   
  .
 
Figure G.20 : Relationship o between f sill and average peak cutting force for 
cutting force data (the 3rd Group data). 
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Figure G.21 : Relationship between sill and optimum coarsness index for normal 
force data (the 3rd Group data). 
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Figure G.22 : Relationship o between f nugget and average normal force for 
normal force data (the 3rd Group data). 
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Figure G.23 : Relationship between nugget and average normal force for cutting 
force data (the 3rd Group data). 
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Figure G.24 : Relationship between nugget and average peak normal force for 
normal force data (the 3rd Group data). 
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Figure G.25 : Relationship between nugget and average peak normal force for 
cutting force data (the 3rd Group data). 
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Figure G.26 : Relationship between nugget and average cutting force for normal 
force data (the 3rd Group data). 
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Figure G.27 : Relationship between nugget and average cutting force for cutting 
force data (the 3rd Group data). 
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Figure G.28 : Relationship between nugget and average peak cutting force for 
normal force data (the 3rd Group data). 
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Figure G.29 : Relationship between nugget and average peak cutting force for 
cutting force data (the 3rd Group data). 
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Figure G.30 : Relationship between nugget and optimum specific energy for 
normal force data (the 3rd Group data). 
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Figure G.31 : Relationship between nugget and optimum specific energy for 
cutting force data (the 3rd Group data). 
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Figure G.32 : Relationship between nugget and optimum coarsness index 
normal force data (the 3rd Group data). 
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